Quaternary International 106–107 (2003) 131–140

Growth rates of pedogenic carbonate coatings on coarse clasts
Konstantin Pustovoytov
Institut fur
. Bodenkunde und Standortslehre, Universitaet Hohenheim, 70599 Stuttgart, Germany
Accepted 25 September 2002

Abstract
Growth rates of pedogenic carbonate coatings on clasts can be used as a simple quantitative index of soil and sediment age, as well
as a chronological framework for palaeoecological reconstructions. They are also probably connected with general intensity of
formation of Bk horizons in soils. Previously, data on coating growth rates were restricted ecologically and geographically to desert
regions of North America. This paper presents growth rates of Holocene pedogenic carbonate coatings on clasts within an extended
range of environments, calculated on the basis of archaeological and radiocarbon dating. The rates, in this study, are higher than in
earlier reports. Carbonate coatings can thicken with rates up to 1 mm=1000 years or higher in semi-arid and semi-humid climates.
At least ﬁve factors are likely to control growth rates: (1) climate, (2) lithology of carbonate parent material, (3) depth under the
soil surface, (4) clast size, (5) bulk density and composition of cutans. Favorable factors for comparatively rapid coating thickening
seems to be climatic conditions, ranging from semi-arid to semi-humid, high carbonate content of parent material and large size of
clasts. There is also an optimal depth of carbonate coating growth in a soil proﬁle. Little information on bulk density and
composition of cutans is available, but they appear to play an important role as one of the factors governing growth rates of
pedogenic carbonate coatings on clasts.
r 2002 Elsevier Science Ltd and INQUA. All rights reserved.

1. Introduction
Pedogenic carbonate coatings on coarse clasts, otherwise called cutans or pendents, are common in stony
soils of arid and semi-arid regions. In soils formed on
limestones, they can occur also in humid climates.
During the last two decades the process of formation of
Bk horizons (Gile et al., 1966; Birkeland, 1984;
Machette, 1985), palaeoenvironments (Courty et al.,
1994; Wang et al., 1996; Monger et al., 1998; Pustovoytov, 1998; Buck and Monger, 1999) and the age of soils
and sediments (Ku et al., 1979; Pierce, 1985; Amundson
et al., 1994; Vincent et al., 1994) have been successfully
studied, based on pedogenic carbonate accumulations
on clasts. The thickness of carbonate coatings has been
noticed to be a function of soil age (Gile et al., 1966;
Machette, 1985; Pierce, 1985; Vincent et al., 1994;
Treadwell-Steitz and McFadden, 2000). However, direct
data on the growth rates of pedogenic carbonate cutans
on clasts is rather rare in the literature and restricted
ecologically and geographically to desert regions of
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North America (Ku et al., 1979; Pierce, 1985; Vincent
et al., 1994).
Further assessment of the growth rates of pedogenic
carbonate coatings on coarse clasts is important for two
reasons. First, growth rate can be used as a simple
quantitative index of soil and sediment age (Pierce,
1985; Vincent et al., 1994) as well as a chronological
framework for palaeoecological reconstructions, based
on the data recorded in the cutans (Courty et al., 1994;
Wang et al., 1996; Monger et al., 1998; Pustovoytov,
1998; Buck and Monger, 1999). Second, the coating
growth rates are probably connected with general
intensity of formation of Bk horizon in soils, which is
of great interest for pedologists (Gile et al., 1966;
Birkeland, 1984; Machette, 1985; McFadden and
Tinsley, 1985; Pendall et al., 1994).
The goal of the present study is to evaluate the growth
rates of pedogenic carbonate coating on coarse clasts
within an extended environmental range and to analyze
some factors controlling them. Many of the calcareous
cutans were collected in late Holocene soils formed on
the surface of archaeologically dated earth and stone
constructions or cultural layers. Such objects were, to
my knowledge, not examined broadly by previous
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researchers in connection with pedogenic carbonate
coatings. They provide a precise maximum age of
carbonate accumulation on clasts and, on the other
hand, suggest no dramatic environmental changes,
which may introduce additional difﬁculties in interpreting the processes of carbonate cutan formation
(Amundson et al., 1994; Wang et al., 1996).

2. Materials and methods
Only carbonate cutans of undoubtedly pedogenic
origin were collected for the study. With very rare
exceptions (Amundson et al., 1997), they are placed on
the bottoms of the clasts within soil proﬁles. At least 10
clasts 3–15 cm in length were considered. The measurements of the coating thickness are based on the
previously described approach (Pierce, 1985; Vincent
et al., 1994; Treadwell-Steitz and McFadden, 2000).
They were made with a simple ruler with mm-scale
allowing a precision of about 0:25 mm: Although this
resolution is lower than the one used in the cited works
ð0:05 mm), it is sufﬁcient to demonstrate some principle
features of rates of pedogenic carbonate cutan forma-

(a)

tion. An approximate carbonate content of soil matrix
was inferred on the basis of reaction with 10% HCl
(‘‘carbonate-rich’’ X4–7% CaCO3 and ‘‘carbonatepoor’’ p4–7% CaCO3 (Finnern et al., 1996)).
In most of the samples pedogenic carbonate coatings
were dated based on archaeological information. Only
undestroyed artiﬁcial earthworks or cultural layers with
well pronounced soil proﬁles on their surfaces were
chosen for the study. In some cases radiocarbon dating
with liquid scintillation spectrometry was involved.
Radiocarbon analyses were carried out at the Institute
of Geography RAS (Moscow, Russia) and the State
Scientiﬁc Centre of Environmental Radiogeochemistry
(Kiev, Ukraine).

3. Results and discussion
3.1. Sites and soils
The sites under investigation are listed below. All soils
are classiﬁed according to the FAO (1990) system.
1. Ipf, Nordlinger
Ries (Germany). A rendzic Leptosol
.
(Fig. 1b) under a meadow vegetation developed on the

(b)

(c)
.
Fig. 1. Site Ipf, Nordliger
Ries (Germany). (a) Air view of the settlement (photo from Krause, 1992). Ruins of a fortiﬁcation wall embracing the
mountain plateau are well seen. Arrow shows the position of a renzina-like soil proﬁle considered (b). (b) A renzina-like soil proﬁle developed at the
surface of the wall ruins. Diameter of the black disk in the centre of picture is 5 cm: (c) A coarse clast from the soil proﬁle.
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ruins of a city wall made of limestone blocks. The wall
had surrounded a settlement on the plateau of the
mount Ipf (Fig. 1a). The soil development started
presumably after the last settlement phase, 500–100
years BC (Krause, 1992). Pedogenic carbonate cutans
occur below 20 cm depth down to the observed lower
border of the soil proﬁle, 50 cm below the soil surface.
The cutans are about 2:0 mm thick.
2. Novosvobodnaya, North-West Caucasus (Russia).
Carbonate coatings were taken from a weakly developed
Luvisol under a deciduous forest on the surface of a ca.
5000 year old burial mound, studied by Alexandrovsky
and Chichagova (1998). The coatings occur at 40–
130 cm depth (lower border of the proﬁle), and the
coating thickness is about 1:5 mm:
3. Berelekh, Upper Valley of Kolyma River (Russia).
The mollic Leptosol is situated on a steep southern slope
in the Berelekh Valley. The vegetation is represented by
a tundra-steppe. Pedogenic carbonate coatings, approximately 2:5 mm; are identiﬁed at 25–120 cm: Based on
radiocarbon dating, these cutans have developed presumably through the major part of the Holocene
(Pustovoytov, 1998).
4. Troy, Western Anatolia (Turkey). Pedogenic carbonate cutans were collected in a mollic Leptosol on the
surface of the ca. 2000 years old burial mound Beshik–
Sivritepe (Rose, 1999). The mound is covered by maquis
vegetation. Coarse clasts with carbonate cutans of about
1:0 mm thick occur at a depth of 40–60 cm below the
soil surface.
5. Troy, Western Anatolia (Turkey). The soil proﬁle
studied was a calcic Luvisol in the central part of the
Troyan Plateau under maquis vegetation (Pustovoytov,
1999). Pedogenic carbonate coatings, about 5 mm thick,
are found between 30 and 50 cm (bottom of the pit)
below the soil surface.
6. Hirbet ez-Zeraqon, North Jordan Highlands (Jordan). Carbonate coatings, about 3 mm thick, were
observed on undersides of bones and pottery within
a 1–2 m thick cultural layer of an Early to Middle
Bronze Age settlement. No pedological observation
in the ﬁeld was conducted and we have only samples
at our disposal, so there is no exact evidence on
localization of the coatings within the cultural layer.
The ﬁnal phase of sedimentation and the beginning
of soil formation occurred about 4500 years BP
(Mittmann, 1994).
7. Tell Mozan, North Mesopotamia (Syria). A tell of
Bronze Age, about 20 m high (Fig. 2a) is situated on a
broad plain to the south of the Taurus Mountains.
Weakly developed calcic Luvisols have been formed on
loamy substrate on the surface of the tell (Fig. 2b).
According to archaeological estimates, pedogenesis
began about 3300 years BP (Dohmann-Pfaelzner and
Pfaelzner, 1999). Pedogenic carbonate coatings (Fig. 2c)
on small pebbles and pottery are concentrated at a depth
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of 30–90 cm below the soil surface. They are about
1:5 mm thick.
8. Emar, Northeast Mesopotamia (Syria). This Bronze
Age site is situated on a limestone residual mountain in
the Euphrates Valley (Fig. 3a). Pedogenic carbonate
cutans are found on pebbles within a 20 cm thick layer
at the pit bottom within the site. The pebble layer is
overlain by limestone blocks (Fig. 3b). The age of the
pebble layer is about 4000 years BP (U. Finkbeiner,
pers. comm.) and the thickness of coating is about 4 mm
(Fig. 3c).
9. Qatna, East Mesopotamia (Syria). Weakly developed soil proﬁles (taxonomic range is unclear, only
compaction and slight humus coloring in the uppermost
20 cm could be seen) are formed on the surface of 20 m
high city walls made of sandy loam material. Pedogenic
carbonate coatings are identiﬁed on stone undersides at
30–60 cm depth. The age of the walls is not precisely
determined, but archaeological context suggests that the
walls may have been erected roughly 3000 years BP (P.
Pfaelzner, pers. comm.). Coating thickness is about
0:5 mm:
Additionally, data for pedogenic carbonate coatings
.
on clasts for Brogger,
Spitsbergen (#10) (Courty et al.,
1994), Providence Mountains, USA (#11) (Wang et al.,
1996) and Palo Duro Wash, Southwestern USA (#12)
have been taken into consideration.
The sites described above were roughly grouped
together according to climatic conditions (Table 1) and
carbonate-related lithology of parent material. In
relation to moisture conditions the main climatic groups
are: humid (sites 1 and 2), semi-humid (sites 3–5 and 10),
semi-arid (sites 6–9), and arid (sites 11 and 12) whereas
in relation to temperature: cold (sites 3 and 10),
temperate (sites 1, 2 and 11) and warm (sites 4–9 and
12). The subdivision with respect to lithology of
carbonate parent material was as follows: primarily
limestone (sites 1, 8 and 11), no or little limestone
and carbonate-rich matrix (sites 2, 4, 6, 9 and 12) and no
or little limestone and carbonate-poor matrix (sites 3, 5
and 7).
These subdivisions are rather tentative. However,
such a scheme seems to be reasonable for the relatively
small number of estimations in this work and can serve
as basis for further, more detailed studies of growth
rates of pedogenic carbonate coatings.

3.2. Values of growth rates of pedogenic carbonate
coatings
The age of pedogenic carbonate pendents on coarse
clasts, their thickness and duration of their formation,
together with calculated mean growth rates are presented in Table 2. Some data published previously are
included also (Ku et al., 1979; Pierce, 1985; Courty et al.,

134

K. Pustovoytov / Quaternary International 106–107 (2003) 131–140

Fig. 2. Site Tell Mozan, North Mesopotamia (Syria). (a) General view of the tell from south. The Taurus Mountains are seen on the background.
Arrow indicates the location of excavation area with weakly developed calcic Luvisols in the upper part of cultural layer. (b) The upper ca. 80 cm part
of cultural layer with a weakly developed calcic Luvisol proﬁle. A Bk horizon with carbonate concretions is located at 25–40 cm depth. (c) Pottery
fragment from the proﬁle.

1994; Vincent et al., 1994; Wang et al., 1996; Pustovoytov, 1998; Treadwell-Steitz and McFadden, 2000).
Ideally, if a clast-bottom coating thickens steadily in
time, its growth rate can be worked out through dividing
the coating thickness by the time of coating formation.
However, in reality coating formation on clast undersides is a process with unknown dynamics, which may
include not only accumulation of calcium carbonate but
also its re-dissolution. Hence, in the absence of any
other chronological information, only average rates can
be calculated. Furthermore, archaeological ages of
artiﬁcial earth constructions and cultural layers provide,
in the strict sense, maximum ages of soils and pedogenic
carbonate coatings.
In some cases, radiocarbon ages of calcium carbonate
were invoked. Interpretation of radiocarbon dates of
pedogenic carbonates faces two major problems. The
ﬁrst was referred to as ‘‘limestone dilution effect’’, which
was supposed to be responsible for too old 14 C-dates
(Ruhe, 1967; Williams and Polach, 1971; Chen and

Polach, 1986). Later, it has been found, however, that
for pedogenic carbonates this mechanism plays a limited
role if any, because secondary carbonates in soils are
formed in isotopic equilibrium with CO2 of the soil
atmosphere (Cerling, 1984, 1991; Cerling et al., 1989;
Cerling and Wang, 1996). This suggests that the 14 C=12 C
ratio in pedogenic carbonates at the moment of
precipitation corresponds to the atmospheric one (Wang
et al., 1994, 1996; Amundson et al., 1994). Too old
radiocarbon ages of pedogenic carbonates can be
explained alternatively by mechanical incorporation of
limestone particles of parent material (Amundson et al.,
1989) and/or a high concentration of ‘‘old’’ carbon CO2
fraction in the soil air introduced through the microbial
activity (Wang et al., 1994, 1996; Amundson et al.,
1994).
Another problem encountered is that pedogenic
carbonate may be contaminated by 14 C after precipitation. The intensity of 14 C exchange between carbonate
material and environment depends on the depth below
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Fig. 3. Site Emar, Northeast Mesopotamia (Syria). (a) General view of the site from west. Arrow indicates the position of the excavation area with
pedogenic carbonate coatings on pebbles. (b) Cultural layer in the excavation area with pedogenic carbonate coatings on pebbles. The upper unit of
cultural layer consists of limestone blocks, whereas the lower one is presented by an estrich layer with pebbles. (c) A cross section of a pebble from the
estrich layer.

Table 1
Climatic conditions of study areas
Site

Key station

Mean annual
precipitation (mm)

Coefﬁcient of
moisturea

Mean annual
temperature ð1CÞ

Source

1. Ipf

Heidenheim

879

> 1:33

6,8

2.Novosvobodnaya

—

ca. 800

1–1.33

8

3. Berelekh

Berelekh

313

1–0.5

13:0

4 and 5. Troy

Canakkale

680

0.45–0.68

15.2

6. Hirbet ez-Zeraqon

Irbit

482

0.35

18.0

7. Tell Mozan

Qamishlieh

430

0.31

no data

8. Emar

Aleppo

358

0.28

17.7

9. Qatna

Homs

364

0.25

16.7

World Atlas (1964),
.
Klimadiagramme Baden-Wurttemberg
(2000)
Shashko (1961),
Alexandrovsky (2000)
Shashko (1961),
Climate reference book of the USSR (1966)
World Atlas (1964),
Alex (1985)
Perrin and Wallen (1968),
Zohary (1973)
Perrin and Wallen (1968),
Zohary (1973)
Perrin and Wallen (1968),
Zohary (1973)
Perrin and Wallen (1968),
Zohary (1973)

a

Ratio precipitation/evapotranspiration.

the soil surface. There are several factors controlling this
process. The aridity of climate and a high density of
carbonate material seems to suppress the 14 C contamination (Bowler and Polach, 1971; Chen and Polach,
1986; Amundson et al., 1994; Pendall et al., 1994). On

the other hand, a number of radiocarbon dates on
carbonate materials with independently determined ages
indicates that the carbonate may be preserved in soils
without any diagenetic 14 C contamination (Evin et al.,
1980; Haas and Haynes, 1980; Folk and Valastro, 1985;
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Table 2
Growth rates of pedogenic carbonate coatings on clasts
Site

Coating
thickness
(mm)

1. Ipf (W-Germany)

2

2. Novosvobodnaya
(Russia, NWCaucasus)
3. Berelekh

1.5

Age of parent
substrate (years BP)

14
C-age of
carbonate material
(years BP, uncalib.)

Assumed
duration
of coating
formation
(years)

Calculated
growth
rate of coating
(mm/1000
years)

Source

p2000

X1

This study

p5000

X0.3

This study

10,000a

0.4

Pustovoytov
(1998)

0.5

This study

4

ca. 2000 (Krause,
1992)
ca. 5000
(Alexandrovsky,
2000)
Holocene

1

ca. 2000 (Rose, 1999)

1050780 (KI-5174)b

p2000

5

No data

2390795 (KI-5176)c
22507100 (KI-5177)d
20407105 (KI-5178)e

500

6. Hirbet ez-Zeraqon
(N-Jordan)
7. Tell Mozan
(NO-Syria)

3

8. Emar
(NW-Syria)
9. Qatna
(W-Syria)
.
10. Brogger

4

ca. 4500
(Mittmann, 1994)
ca. 3300
(P Pf.alzner,
pers. comm.)
ca. 4000 (Finkbeiner,
pers. comm.)
ca. 3000 (P Pf.alzner,
pers. comm.)
130,000–290,000

(Russia, NO-Siberia)
4. Troia, BeschikSivritepe
(NW-Turkey)
5. Troia, Low Plateau
(NW-Turkey)

(Spitsbergen)
11. Providence
Mountains
(SW-USA)
12. Palo Duro Wash

1.5

0.5
1

X1

1

10

This study

p4500

X0.67

This study

p1300

X0.45

This study

p4000

X1

This study

p1500

X0.17

This study

X200; 000f

p0.005

Courty et al.
(1994)

Quaternary

7000g

X0.14

Wang et al.
(1996)

8000–15,000

p10; 000

X0.1

TreadwellSteitz and
McFadden
(2000)

(SW-USA)
a

Interpretation of Pustovoytov (1998).
C-dating by Dr. N. Kovalykh and Dr. V. Skripkin (State Scientiﬁc Centre of Environmental Geochemistry, Kiev, Ukraine).
c
Inner layer.
d
Middle layer.
e
Outer layer.
f
Interpretation of Courty et al. (1994).
g
Calculated on the basis of 14 C-datings of inner and outer layers of coatings under assumption of a linear growth over the whole time of coating
formation; the Pleistocene coatings were not considered.
b 14

Zouridakis et al., 1987; Freundlich et al., 1989;
Amundson et al., 1994; Wang et al., 1996; Monger
et al., 1998; Buck and Monger, 1999; Pustovoytov,
1999).
Calculated coating growth rates are plotted in Fig. 4.
It is evident that the coatings grow more rapidly in semiarid to humid than in arid climates. Under semi-arid to
semi-humid climatic conditions, growth rates can reach
1 mm/1000 years or higher.
An exceptionally rapid coating thickening is calculated for site 5. For calculation purposes the time of

carbonate coating here was restricted to the 14 C ages of
the inner and outer carbonate laminae. A linear coating
growth over time was assumed. Until the processes of
radiocarbon exchange in soils are proved sufﬁciently, it
is very difﬁcult to explain this extremely high value.
It could be indeed a very high rate of carbonate
accumulation. Furthermore, the carbonate coatings at
this site were covered by a thin layer of clay
cutans, which indicates an intensiﬁcation of clay
illuviation and as a rule a deeper leaching of carbonates
(Birkeland, 1984). Therefore, a contribution of partial
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re-crystallization and radiocarbon contamination to the
resulting 14 C age cannot be excluded.
As already mentioned, most of the values represent
minimal carbonate coating growth rates, whereas actual
rates and their dynamics remain to be explored. For the
moment it can be only presumed that the pedogenic
carbonate coatings studied grow mainly more or less
linear in time and actual growth rates are not much
higher than the calculated minimal ones. First, all the
sites are of Mid- to Late Holocene age, and so did not
experience dramatic environmental changes, as took
place, for example, at the Pleistocene–Holocene transition in the Mojave Desert (Wang et al., 1996). Second,
the 14 C age of carbonate coatings on stones from the soil
on the Beshik–Sivritepe mound (site 4) was approximately the half of the age of the monument, the latter
being 2000 years. This radiocarbon age correlates
perfectly with the model for 14 C ages of carbonate
pendents thickening linear in time without any con-
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tribution of ‘‘old’’ carbon and diagenetic contamination
(Amundson et al., 1994).
3.3. Factors controlling growth rates of pedogenic
carbonate coatings
Among numerous factors controlling the growth rates
of pedogenic carbonate cutans on coarse clasts, only
several ones of paramount importance are considered
below: climate, lithology of carbonate parent material,
depth below the soil surface, clast size, and bulk density
and composition of cutans.
1. Climate. Pedogenic carbonate coatings from semiarid to humid climates show basically higher growth
rates than those developed under arid climatic conditions (Fig. 4). An exclusively high value of coating
thickening at site 5 falls within this climatic range as
well, although this growth rate cannot be interpreted
unambiguously (see above). One of the reasons for

Fig. 4. Growth rates of pedogenic carbonate cutans on clasts. Approximate differentiation into climatic groups and carbonate richness of parent
substrates are also plotted. Data from Ku et al. (1979) (13), Pierce (1985) (14) and Vincent et al. (1994) (15) are given for comparison.
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higher growth rates of carbonate coatings in non-arid
climates could be more intensive leaching of carbonate
from the upper part of soil proﬁle (Arkley, 1963;
Birkeland, 1984; Machette, 1985). The inﬂuence of
temperature conditions is less evident, but the cutan
thickening in warm climates seem to be somewhat more
rapid. Temperature can affect the intensity of calcium
carbonate accumulation on clasts in several ways. First,
higher temperatures may promote evaporation in soil
and increase concentration of carbonate solution,
which, in turn, intensiﬁes the process of coating
formation. Second, calcium carbonate solubility in
water decreases with growing temperature (Butler,
1982) and a warmer temperature regime should favor
precipitation of carbonates. On the other hand, an
increase of partial pressure of CO2 in soil under higher
temperatures makes soil solutions more aggressive in
relation to carbonates (Jakucs, 1977). The cumulative
effect of temperature on growth rates of pedogenic
carbonate may be a complex combination of these
phenomena.
2. Carbonate content of parent material. There are few
data on dependence of coating growth rates on lithology
of parent material. Vincent et al. (1994) found no
deﬁnite relationship between thickness of carbonate
coatings and content of limestone pebbles in soils of
similar age. Treadwell-Steitz and McFadden (2000),
however, demonstrated that the values of coating
thickness on limestone pebbles and non-calcareous
pebbles are statistically different for 120–240 ka years
old desert soils. In younger soils (75–120 and 8–15 ka
years old) these relationships were not statistically
different. The data, in this study, suggest that minimal
values of growth rates of pedogenic carbonate coatings
are slightly higher in soils on primary limestone
substrates (Fig. 4).
3. Depth below the soil surface. In this study, as in
some previous works (Pierce, 1985; Vincent et al., 1994;
Treadwell-Steitz and McFadden, 2000), only carbonate
coatings from a depth with their maximum thickness
were taken into account (at the sites 1 and 5 soil pits
were not deep enough to make sure that the coatings
observed were the thickest in the soil proﬁles). Generally, growth rates of pedogenic carbonate coatings on
clasts are presumably dependent on depth under the soil
surface. The thickness of carbonate cutans on stones
varies within a soil proﬁle reaching its maximum at a
certain depth (Vincent et al., 1994; Pustovoytov and
Targulian, 1996; Treadwell-Steitz and McFadden,
2000). It suggests that the coatings thicken with different
rates at different depths. Optimal depths for carbonate
cutans formation are most probably lower in less arid
climates (Arkley, 1963; Birkeland, 1984; Retallack,
1994). Carbonate accumulation on clasts may persist
at one depth while it is already over at another (deeper)
one. According to radiocarbon dates, carbonate coat-

Table 3
Bulk density and carbonate content of coatings
Site

Bulk density ðg=cm3 Þa

CaCO3 content (%)b

3. Berelekh
5. Troy

1.68
1.95

70
94

a
b

Determined by the parafﬁn-clod method (Chleborad et al., 1975).
Determined by dissolution in 10% HCl.

ings in lower parts of soil proﬁles in the Mojave Desert
have developed in Late Pleistocene, whereas in the upper
parts of soil proﬁles the coating formation took place
during the Pleistocene–Holocene transition (Wang et al.,
1996).
4. Clast size. Rates of thickening of carbonate
coatings may be inﬂuenced by size of clasts on which
they form. Treadwell-Steitz and McFadden (2000)
showed a linear relationship between clast diameter
and coating thickness. This dependence becomes more
pronounced with older soil age.
5. Bulk density and composition of coating material.
Growth rates of carbonate pendants on clasts considered above are related to their thickness, i.e. a merely
morphological property. Bulk density and composition
of carbonate coatings may vary in a broad range and are
probably dependent on parent material and some other
local conditions of a site (Table 3). Exact relationships
between bulk density, composition of coatings and the
growth rates are not known. However, it seems to be
plausible that, with all other factors being equal,
coatings with higher porosity and concentration of
admixtures show higher growth rates.

4. Conclusions
Growth rates of Holocene pedogenic carbonate coatings on clasts within an extended range of environments,
in this study, were principally higher than reported
previously. Carbonate coatings can grow with a rate of
1 mm/1000 years or higher in semi-arid to semi-humid
climates.
At least ﬁve factors control growth rates: (1) climate,
(2) lithology of carbonate parent material, (3) depth
below the soil surface, (4) clast size, (5) bulk density and
composition of cutans. Favorable factors for comparatively rapid coating thickening seems to be climatic
conditions, ranging from semi-arid to humid, high
carbonate content of parent material, and large size of
clasts. There is also an optimal depth of carbonate
coating growth in a soil proﬁle. Little information on
bulk density and composition of cutans is available, but
they appear to play an important role as one of the
factors governing growth rates of pedogenic carbonate
coatings on clasts.

K. Pustovoytov / Quaternary International 106–107 (2003) 131–140

References
Alex, M., 1985. Klimadaten ausgew.ahlter Stationen des Vorderen
.
Orients. In: Beihefte zum Tubinger
Atlas des Vorderen Orients.
Reihe A (Naturwissenschften) 14, Tubingen,
.
418pp.
Alexandrovsky, A., 2000. Holocene development of soils in response to
environmental changes: the Novosvobodnaya archaeological site,
North Caucasus. Catena 41, 237–248.
Alexandrovsky, A., Chichagova, O., 1998. The 14 C age of humic
substances in paleosols. Radiocarbon 40, 991–997.
Amundson, R., Chadwick, O., Sowers, J., Doner, H., 1989. The stable
isotope chemistry of pedogenic carbonates at Kyle Canyon,
Nevada. Soil Science Society of America Journal 53, 201–210.
Amundson, R., Wang, Y., Chadwick, O., Trumbore, S., McFadden,
L., McDonald, E., Wells, S., DeNiro, M., 1994. Factors and
processes governing the 14 C content of carbonate in desert soils.
Earth and Planetary Science Letters 125, 385–405.
Amundson, R., Graham, R., Franco-Vizcaino, E., 1997. Orientation
of carbonate laminations in gravelly soils along a winter/summer
precipitation gradient in Baja California, Mexico. Soil Science 162,
940–952.
Arkley, R.J., 1963. Calculation of carbonate and water movement in
soil from climatic data. Soil Science 96, 239–248.
Birkeland, P.W., 1984. Soils and Geomorphology. Oxford University
Press, Oxford, 372pp.
Bowler, J.M., Polach, H.A., 1971. Radiocarbon analyses of soil
carbonates: an evaluation from paleosols in southeastern Australia.
In: Yaalon, D. (Ed.), Paleopedology. International Society of Soil
Science and Israel University Press, Tel Aviv, pp. 97–108.
Buck, B.J., Monger, H.C., 1999. Stable isotopes and soil-geomorphology as indicators of holocene climate change, northern Chihuahuan Desert. Journal of Arid Environments 43, 357–373.
Butler, J.N., 1982. Carbon Dioxide Equilibria and their Applications.
Addison-Wesley, Reading, MA. 259pp.
Cerling, T.E., 1991. Carbon dioxide in the atmosphere: evidence from
Cenozoic and Mesozoic paleosols. American Journal of Science
291, 377–400.
Cerling, T., Wang, Y., 1996. Stable carbon and oxygen isotopes in soil
CO2 and soil carbonate: theory, practice, and application to some
prairie soils of upper midwestern North America. In: Boutton, T.,
Yamasaki, S. (Eds.), Mass Spectrometry of Soils. Marcel Dekker,
New York, pp. 113–132.
Cerling, T.E., 1984. The stable isotopic composition of soil carbonate
and its relationship to climate. Earth and Planetary Science letters
71, 229–240.
Cerling, T.E., Quade, J., Wang, Y., Bowman, J.R., 1989. Carbon
isotopes in soils and paleosols as ecology and paleoecology
indicators. Nature 341, 138–139.
Chen, Y., Polach, H.A., 1986. Validity of 14 C ages of carbonate in
sediments. Radiocarbon 28 (2A), 464–472.
Chleborad, A., Powers, P., Farrow, R., 1975. A technique for
measuring bulk volume of rock materials. Association of Engineering Geologists Bulletin 12, 317–322.
Climate Reference Book of the USSR, 1966. Vol. 33. Gidrometeoisdat.
Leningrad, 302pp (in Russian).
Courty, M.-A., Marlin, C., Dever, L., Tremblay, P., Vachier, P., 1994.
The properties, genesis and environmental signiﬁcance of
calcitic pendents from the High Arctic (Spitsbergen). Geoderma
61, 71–102.
Dohmann-Pfaelzner, H., Pfaelzner, P., 1999. Ausgrabungen der
Deutschen Orient-Gesellschaft in Tall Mozan/Urkes. Bericht uber
.
die Vorkampagne 1998. Mitteilungen der Deutschen OrientGesellschaft 131, 17–46.
Evin, J., Marechal, J., Pachiaudi, C., Puissegur, 1980. Conditions involved in dating terrestial shells. Radiocarbon 22 (2)
545–555.

139

FAO-Unesco, 1990. Soil Map of the World: Revised legend. World
Soil Resources, FAO, Rome, 119pp.
Finnern, H., Grottenthaler, W., Kuhn,
.
D., P.alchen, W., Schraps,
W.-G., Sponagel, H., 1996. Bodenkundliche Kartieranleitung.
Schweizerbartsche Verlagsbuchhandlung, Stuttgart, 392pp.
Folk, R.L., Valastro, J.S., 1985. Successful technique for the radiocarbon
dating of lime mortar. In: Gifford, J.A., Rapp, G. (Eds.),
Archaeological Geology. Yale University Press, New Haven, 435pp.
Freundlich, J., Kuper, R., Breunig, P., Bertram, H.-G., 1989.
Radiocarbon dating of ostrich eggshells. Radiocarbon 31,
1030–1034.
Gile, L., Peterson, F., Grossman, R., 1966. Morphological and genetic
studies of carbonate accumulation in desert soils. Soil Science 101,
347–360.
Haas, H., Haynes, C.V., 1980. Discussion of radiocarbon dates from
the Western Desert. In: Wendorf, F., Schild, R. (Eds.), Prehistory
of the Eastern Sahara. Academic Press, New York, pp. 373–378.
Jakucs, L., 1977. Morphogenetics of karst regions: variants of karst
evolution. Akademiai Kiado, Budapest, 388pp.
Klimadiagramme Baden-Wurttemberg,
.
2000. http:/www.klimadiagramme.de/Bawue/bawue.html.
Krause, R., 1992. Vom Ipf zum Goldberg. Arch.aologische Wanderungen am Westrand des Rieses. Fuhrer
.
zu arch.aologischen
.
Denkm.alern in Baden-Wurttemberg,
Vol. 16. Konrad Theiss,
Verlag, Stuttgart, 157pp.
Ku, T.L., Bull, W.B., Freeman, S.T., Knauss, K.G., 1979. Th230–
U234 dating of pedogenic carbonates in gravelly desert soils of
Vidal Valley, southeastern California. Geological Society of
America Bulletin 90, 1063–1073.
Machette, M., 1985. Calcic soils of the American Southwest. In:
Weide, D. (Ed.), Soils and Quaternary Geology of the Southwestern United States. Geological Society of America Special
Paper 203, Boulder, pp. 1–21.
McFadden, L., Tinsley, J., 1985. Rate and depth of pedogeniccarbonate accumulation in soils: formation and testing of a
compartment model. In: Weide, D., (Ed.), Soils and Quaternary
Geology of the Southwestern United States. Geological Society of
America Special Paper 203, Boulder, pp. 1–21.
Mittmann, S., 1994. Hirbet ez-Zeraqon. Eine Stadt der fruehen
Bronzezeit in Nordjordanien. Archaeologie in Deutschland 2,
10–15.
Monger, H.C., Cole, D.R., Gish, J.W., Giordano, T.H., 1998. Stable
carbon and oxygen isotopes in Quaternary soil carbonates as
indicators of ecogeomorphic changes in the northern Chihuahuan
desert, USA. Geoderma 82, 137–172.
Pendall, E., Harden, J., Trumbore, S., Chadwick, O., 1994. Isotopic
approach to soil carbonate dynamics and implications for
paleoclimatic interpretations. Quaternary Research 42, 60–71.
Perrin, G., Wallen, C., 1968. A study of agroclimatology in semi-arid
and arid zones of the Near East. World Meteorological Organization. Technical note 56. Secretariat of the World Meteorological
Organization, Geneva, Switzerland, 64pp.
Pierce, K., 1985. Quaternary history of faulting on the Arco sediment
of the Lost River fault, central Idaho. In: Stein, R., Bucknam, R.
(Eds.), Proceedings of Workshop XXVIII on the Borah Peak,
Idaho Earthquake, United States Geological Survey Open-File
Report 85-290, Washington, pp. 195–206.
Pustovoytov, K.E., 1998. Pedogenic carbonate cutans as a record of
the Holocene history of relic tundra-steppes of the Upper Kolyma
Valley (North-Eastern Asia). Catena 34, 185–195.
Pustovoytov, K.E., 1999. Die sp.atholoz.ane Bodenerosion in der
Umgebungvon Troia im Spiegel der Bodendecke. Studia Troica 9,
353–367.
Pustovoytov, K.E., Targulian, V.O., 1996. Illuviation coatings on rock
fragments as a source of pedogenetic information. Eurasian Soil
Science 3, 335–347.

140

K. Pustovoytov / Quaternary International 106–107 (2003) 131–140

Retallack, G., 1994. The environmental factor approach to the
interpretation of paleosols. In: Amundson, R., Harden, J., Singer,
M. (Eds.), Factors in Soil Formation: A Fiftieth Anniversary
Retrospective, Special Publications of the Soil Science Society of
America, Madison, Wisconsin, Vol. 33, pp. 31–64.
Rose, C.B., 1999. The 1998 Post-Bronze Age excavations at Troia.
Studia Troica 9, 35–71.
Ruhe, R., 1967. Geomorphic surfaces and surﬁcial deposits in southern
New Mexico. New Mexico Bureau of Mines and Mineral
Resources, Memoir 18, Santa Fe, New Mexico, 66pp.
Shashko, A., 1961. Climatic resources of the agriculture of the USSR
(Map). Scale 1:12500000. Chief Administration of Geodesy and
Cartography, Moscow (in Russian).
Treadwell-Steitz, C., McFadden, L., 2000. Inﬂuence of parent material
and grain size on carbonate coatings in gravelly soils, Palo Duro
Wash, New Mexico. Geoderma 94, 1–22.
Vincent, K., Bull, W., Chadwick, O., 1994. Construction of a soil
chronosequence using the thickness of pedogenic carbonate coatings. Journal of Geological Education 42, 316–324.

Wang, Y., Amundson, R., Trumbore, S., 1994. A model of 14 CO2 and
its implications for using 14 C to date pedogenic carbonate.
Geochemica et Cosmochemica Acta 58, 393–399.
Wang, Y., McDonald, E., Amundson, R., McFadden, L., Chadwick,
O., 1996. An isotopic study of soils in chronological sequences of
alluvial deposits, Providence Mountains, California. Geological
Society of America Bulletin 108, 379–391.
Williams, G.E., Polach, H.A., 1971. Radiocarbon dating of arid zone
calcareous paleosols. Geological Society of America Bulletin 82,
3069–3086.
World Atlas, 1964. Academy of Sciences of the USSR and
Chief Administration of Geodesy and Cartography under
the Council of Ministers of the USSR. Moscow, 298pp (in
Russian).
Zohary, M., 1973. Geobotanical foundations of the Middle East.
Fischer, Stuttgart. 739pp.
Zouridakis, N., Saliege, J.F., Person, A., Filippakis, S.E., 1987.
Radiocarbon dating of mortars from ancient Greek palaces.
Archaeometry 29 (1), 60–68.

