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Introduction
Modern glacier retreat is one of the most unambiguous indicators 
of global warming (IPCC, 2021). Thus, the reconstruction of gla-
cier variations in the past is a useful tool to assess the former cli-
matic changes in order to disentangle the natural and anthropogenic 
forcings of climate variations.

The most common indicators of former glacier advances are 
glacial moraines that can be dated using historical descriptions, 
tree-rings, lichenometry, radiocarbon, optical luminescence, and 
terrestrial cosmogenic nuclides (TCN). The reconstruction of 
the chronology and magnitude of glacier recession periods are 
more complicated. Often proglacial lake sediments are used for 
this purpose (Larocca and Axford, 2021; Larocca et al., 2020; 
Leemann and Niessen, 1994; Nesje, 2009). Another way to 
reconstruct the timing, duration and the scale of glacier retreat in 
the past is the analysis of organic material primarily of in situ 
wood (e.g. Agatova et al., 2012; García et al., 2020; Joerin et al., 
2008; Le Roy et al., 2015; Luckman et al., 2020; Nicolussi and 
Patzelt, 2000; Nicolussi and Schlüchter, 2012) and other plant 
macrofossils (e.g. Humlum et al., 2005; Miller et al., 2017) bur-
ied by advancing glaciers and later released due to subsequent 
glacier retreat.

The paleosols buried in till are among the records that can help 
to constrain the timing of former glacier fluctuations in the past 
and assess the environmental and climatic parameters during the 
periods of glacier recession and the development of the soils 
(Menounos et al., 2009; Reyes and Clague, 2004; Röthlisberger 
and Geyh, 1985; Röthlisberger et al., 1980).

In this paper, we report the results of the study of paleosols 
buried in situ in the left lateral moraines of the Greater Azau Gla-
cier in the Northern Caucasus. Paleosols are of interest for under-
standing the history of glaciation, as they contain materials for 
radiocarbon dating. The 14C dates provide information about both 
the duration of soil development, that is, the periods of glacier 
retreat, and the intervals of glacier advances.
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The section with the sequence of paleosols was exposed dur-
ing the construction of the Azau Star Hotel. It was first described 
in 2018 by O. N. Solomina, T. M. Kuderina, and V. A. Shishkov, 
and re-examined in 2019 for a more detailed analysis of stratigra-
phy of paleosols by A. L. Alexandrovskiy.

These new records can shed light on the Late-Holocene his-
tory of this glacier, as well as on the environmental history of the 
Northern Caucasus in general, which is still very poorly known. 
The book by Serebryanny et al. (1984) remains the only compre-
hensive study of this topic. The Holocene glacier history of the 
Northern Caucasus is still largely based on four 14C dates of 
organic material buried in the glacial and glacio-fluvial deposits 
in the Bezengi valley that broadly constrain the advances that 
occurred before 10.3–8.5 ka, 10.3–8.5 ka, and 8.3–6.2 ka, at 
approximately 4.5 ka (uncalibrated) and during 13th–19th centu-
ries (Serebryanny et al., 1984). However, the correspondence of 
the stratigraphic data to the moraines of the Bezengi Glacier 
except for those of the Little Ice Age (LIA, 13th–19th centuries 
according to Serebryanny et al., 1984) remains unclear.

The main source of information that is used for the dating of 
moraines in the Caucasus is historical evidence, lichenometry and 
tree-ring dates (Solomina et al., 2016). Thus, the age of Caucasus 
moraines older than three to four centuries remains unknown. For 
this reason, the new set of AMS and LSC radiocarbon dates that 
we report in this paper might be an important contribution to the 
reconstruction of glacier and climate fluctuations in this region 
over the past three millennia.

The climate of the Caucasus largely depends on in the mid-
latitude westerly winds. Therefore, there is a certain similarity in 
climate and glacier variations in the Caucasus and in Western 
Europe, which was noticed long ago (Solomina et al., 2016; Tush-
insky, 1958, 1968). Moreover, the mass balance of the Greater 
Azau Glacier depends on climatic conditions on Elbrus, – the 
highest Mount in Europe, – and is indicative of free atmosphere 
conditions in the northern mid-latitudes of the Northern Hemi-
sphere (Mikhalenko et al., 2020). Thus, this single-site study may 
be of a greater relevance in the context of larger-scale paleocli-
matic processes.

Study area
The Greater Azau Glacier (43.28 N, 42.44 E), is located at the 
southern slope of Elbrus volcano (5642 m a.s.l.), in the central 
part of the Northern Caucasus (Figure 1). The climate of the 
Greater Caucasus is temperate continental. Westerlies as well as 
the proximity of the Black and Caspian seas affect the regional 
climate. At the elevation of 1800–2200 m a.s.l. the mean monthly 
temperature in July is +12°С to +14°С, in January −5°С to 
−7°С. The sum of precipitation in summer at Terskol meteoro-
logical station (2150 m a.s.l.) reaches 350 mm, in winter – 210 mm 
(Mikhalenko et al., 2020).

Granitoids and gneisses, as well as the volcanites of Elbrus 
(diabases and tuffs) dominate in the Elbrus region in general and 
as well as in the moraines of the Greater Azau.

Vegetation of the Northern Caucasus belongs to a moderately 
humid forest-meadow mountainous type with a pronounced alti-
tudinal zonation. In the lower part of the Baksan valley, pine for-
ests with an admixture of small-leaved forests and shrubs on the 
mountain-forest brown soils dominate. The soils are represented 
by underdeveloped (petrozem) and dernovo-podbur. The humus 
content of these soils ranges from 3% to 15.5%, pH 4.4–4.6 
(Shishov et al., 2001).

Above the timberline, the vegetation is represented by subal-
pine and alpine mountain meadows on the regosols, leptosols, and 
folic cambisols (IUSS Working Group WRB, 2015). Gennadiev 
(1978, 1990) who studied in detail the soils developed at the 
Greater Azau moraines described the mountain-meadow and 

mountain-meadow-forest soils with no signs of podzolization. 
Pseudopodzolic soils (luvisols) were distinguished for the lower 
elevation zones in spruce, fir and beech forests on loamy loess-
like rocks. According to the Russian classification (Shishov et al., 
2004), mature soils on the moraines belong to the dernovo-pod-
burs, and underdeveloped soils to petrozems. According to the 
WRB international classification (IUSS Working Group WRB, 
2015), modern soils in the Greater Azau moraines are regosols. 
The paleosols that we discuss here belong to folic cambisol 
(loamic, humic), or haplic (or someric, if the humus horizon is 
less than 20 cm) umbrisol (loamic).

Fluctuations of Greater Azau 
glacier
State-of-the-art
The Greater Azau is one of the most easily accessible and well-
studied glaciers in the Caucasus (see Figure 1). However, despite 
an almost two centuries-long history of investigations many 
important details of variations of the glacier before the 20th cen-
tury remain unclear. The chronology of the Greater Azau fluctua-
tions in the late 19th–early 21st centuries is based on historical 
documents, old maps, instrumental records and satellite images 
(see, e.g. Atlas of the Elbrus Glaciers, 1965; Baume and Marci-
neck, 1998; Solomina et al., 2021; Tushinsky, 1958; Volodicheva, 
2013; Volodicheva and Voitkovskiy, 2004; Zolotarev, 2009; Zolo-
tarev and Seinova, 1983). We used this to visualize the Greater 
Azau glacier retreat (see Figure 1). An image acquired by the 
WorldView-2 satellite on 16.10.2009 and uploaded in Google 
maps web-service was used as a master image. Using the control 
points we georeferenced Pleiades-1B image made on 08.09.2017 
and the aerial images acquired by Soviet cameras on 26.09.1987, 
25.09.1981, 12.08.1957. The same way, using the control points, 
we georeferenced the map by Burmester (1913). He marked the 
limits of the Greater Azau glacier in 1911 and the glacier front 
position from the map created by the Military Topographers in 
1890. The digital elevation model used in this study was created 
based on Pleiades-1B stereo-pair acquired on 08.09.2017 (Shean 
et al., 2016). Based on this data we estimated the rates of the 
Greater Azau glacier retreat (Table 1 in Supplemental Materials).

According to the instrumental data and direct observations, in 
the 20th century the glacier was retreating with short re-advances 
in 1911, in 1930–1932, and in 1972–1981 (Volodicheva and Voit-
kovskiy, 2004). The retreat has been continuing in the past 
40 years when the mass balance of the Elbrus glaciers decreased 
dramatically due to the summer warming and the increase of sum-
mer insolation (due to reduced cloudiness) despite the increase of 
winter snow accumulation. Since 1960s the Elbrus glaciers have 
lost almost 29% of their area (Mikhalenko et al., 2020). In 2017, 
the front of the Greater Azau Glacier was located at 2745 m a.s.l.

The positions of the glacier front before the early 20th century 
are much less certain. The first description of the glacier dates 
back to 1849 (Abich, 1875), but regular expeditions started visit-
ing the valley only in the 1880s (Freshfield, 1896; Von Déchy, 
1905). According to Volodicheva and Voitkovskiy (2004), who 
summarized the historical information and attempted to identify 
the location of former glacier front positions, from the frontal 
moraines at the bottom of the valley were deposited in 1849, 
1876, 1884, and 1890 (see Table 1 in Supplemental Material and 
Figures 1 and 2). It is difficult to identify the precise positions of 
the glacier in 19th century due to the low accuracy of the mea-
surements of contemporary front elevations. Due to the flatness of 
the valley, these measurements are of limited value, while the nar-
rative descriptions allow various interpretations. However, the 
first photographs, for example, one taken by V. Sella in August 
1889 (Figure 2a) show that the front of the glacier in 1880s was 
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Figure 1. Location of the Greater Azau Glacier (red symbol at the overview map). The Greater Azau Glacier tongue positions reconstructed 
from the satellite images and the moraines of this glacier (brown) with their tentative dates. Dark brown numbers mark the locations of the 
sections with the 14C dates of paleosols (see details in the text). Black dashed line indicates the cross-valley profile at Figure 3.

Figure 2. Photo of Greater Azau Glacier by V. Sella, 1889 (a). Repeated photo by V. Mikhalenko 2014 (b) Panorama of Greater Azau valley 
below “the gate” (by V. Mikhalenko and I. Bushueva). White numbers – the dated positions of the front of Greater Azau Glacier identified by 
historical data, green numbers – minimum limiting tree-ring ages of moraines. Yellow arrow marks the location of the “Azau Star” section (c).

located in the proximity of the narrow “gate,” approximately 
across or slightly below the section with paleosols that we call 
“Azau Star” (see Figure 2). At that time ice was filling the valley 
and was up to 50 m thick at the front. Judging by the fresh surface 
of the left lateral moraines that one can see in Sella’s photo, the 

glacier was previously even thicker and larger and covered the 
surface of these moraines a few decades before the 1880s.

Most intriguing is the location of the glacier front in 1849 
when it was described for the first time (Abich, 1875). Many later 
visitors tended to use this position as a reference point. Ironically, 



Solomina et al. 471

despite a very detailed description and the existing drawing of the 
glacier by Abich, the location of the front in 1849 is still not clear 
(see discussion in Solomina et al., 2021; Volodicheva, 2013; 
Volodicheva and Voitkovskiy, 2004; Zolotarev, 2009; Zolotarev 
and Seinova, 1983). Volodicheva and Voitkovskiy (2004) believe 
that it was located at the elevation of 2320 m a.s.l. while Zolotarev 
(2009) places the front much higher, at the elevation of 2350 m 
a.s.l. The discussion originates from different interpretations of 
the drawing made by Abich from a long distance. Solomina et al. 
(2021) attempted to use the minimum limiting ages of trees grow-
ing on the moraines to solve this problem, but due to the large 
disturbances of the forest at the bottom of the valley by the ava-
lanches in 20th century it turned out that this was not possible: the 
trees growing between 2350 and 2320 m a.s.l. are all young and 
do not confirm, but also do not contradict either of the two ver-
sions of glacier front locations (see Figure 1).

Figure 2c shows the minimum ages of the moraines of Greater 
Azau glacier. The highest lateral moraine, which was convention-
ally attributed to the 17th century by analogue with the European 
Alps (Volodicheva and Voitkovskiy, 2004), was formed before the 
end of the 16th century. The oldest tree (AD 1598) in the valley 
was found at the eroded frontal moraine located at 2294 m a.s.l. 
Judging by the size of maximum diameters of Rhizocarpon geo-
graphicum (120–130 mm) growing on this surface, the age of the 
moraine is underestimated (Solomina et al., 2016).

Materials and methods
Figure 3 demonstrates the profile of the valley and the strati-
graphic position of the section “Azau Star” with paleosols. The 
20 m-high section is illustrated in Figure 4. Two steps lined with 
large boulders are artificial. The boulders were removed from the 
overlying strata and stacked by builders on the flat artificial ter-
races for convenience. The exposed section composed mainly of 
diamicton which is poorly sorted in both texture and particle 
shape, grain sizes ranging from clay to boulders with different 
degrees of roundness. It also contains some layers of gravel and 
crushed stones, as well as buried paleosols. A description of the 
section is displayed in the Table 1.

In the Tables 1 to 4 and below we describe the stratigraphic 
units from young to old. The organic-rich and clay-rich horizons 
are interpreted as soils (marked as S1, S2, S3) developed on the 
moraine surfaces and subsequently buried by the tills as a result of 
the advances of the Greater Azau Glacier. These organic clay hori-
zons are termed “paleosols.” The layers between the paleosols are 

marked as T1, T2, T3, T4 (tills) and their ages are constrained by 
the 14C AMS dates of the overlying and underlying paleosols. 
Moreover, since the time intervals of the deposition and develop-
ment of some paleosols were quite continuous, the ages of the tills 
are further limited by the dates of the bottom layer of the covering 
paleosol and the top layer of the underlying one. Although macro-
fossil samples are not collected precisely from the contacts of the 
paleosols with the tills, we suggest that these dates bracket the 
beginning and the end of soil deposition and, hence, the maximum 
limiting date of the underlying till and minimum limiting date of 
the overlying till. This way we assess the timing of advances and 
retreats of the Greater Azau Glacier and the duration of periods of 
the lesser ice extent. We believe that all paleosols are intact and lie 
in situ.

Fragments of charcoal, plant remains (bark of birch), as well as 
the total mass of the humus horizon of the soil were collected from 
paleosols for radiocarbon dating. In total, 10 samples from the 
three paleosols were dated using LSC 14C (Table 2). Radiocarbon 
dates were obtained by the liquid scintillation counting method 
(LSC) and by acceleration mass-spectrometry (AMS) technique at 
the Laboratory of Radiocarbon Dating and Electronic Microscopy 
of the Institute of Geography RAS, Moscow. For the charcoal and 
plant remains dating, an acid-base-acid (АВА) pretreatment tech-
nique was applied. For the humus horizons, the humic acids (HA) 
were separated and dated. The activity of 14C (LSC method) was 
determined by using the Quantulus-1220 liquid scintillation coun-
ters. The sample preparation for AMS (i.e. graphitization, pressing 
and mounting on a target) was performed in the Radiocarbon Lab-
oratory of the Institute of Geography using the AGE-3 graphitiza-
tion system (Ionplus). 14C AMS measurements were performed at 
the Center for Applied Isotope Studies, University of Georgia 
(Athens, USA) using the CAIS 0.5MeV AMS. The conventional 
radiocarbon ages were calibrated (2V standard deviation) applying 
the CALIB Rev 8.2. program, with the IntCal20 calibration data 
set (Reimer et al., 2020).

The content of organic carbon (OC) and total nitrogen (TN) 
were determined using Vario ISOTOPE Cube CHNS-analyzer. In 
the soil samples, inorganic C was removed with 1M HCl treat-
ment and then rinsing in deionized water. Samples were dried 
using a Scientz-10N freeze dryer and crushed for homogenization 
in Retsch Mixer Mill MM 400.

We also analyzed the granulometric composition of soils and 
diamicton, C and N content, and C/N ratio in the paleosols 
(Tables 3 and 4). In general, the increased values of the content 
of C and N indicate a duration of soil formation, moreover, in 

Figure 3. Cross-valley profile of Greater Azau left lateral moraines and stratigraphic position of paleosols (see Figure 1 for profile location).
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Figure 4. Section of the lateral moraines of the Greater Azau Glacier with S1, S2, and S3 paleosol profile. Photo by V. Mikhalenko, 2019.

favorable bioclimatic conditions. Grain size analysis was carried 
out using a combined method. Firstly, dry samples weighing 30 g 
were sieved on a sieve with an aperture of 2 and 1 mm. The con-
tent of fractions 1–2 mm and above 2 mm was determined by 
weighing. Grain size of the material thinner than 1 mm was deter-
mined by laser diffractometry using the Malvern Mastersizer 
3000 particle size analyzer. Before measurements, the material 
was dispersed on the overhead shaker for 12 h with a 4% sodium 
pyrophosphate. After the initial preparation, the material was 
moved by pipette into a dispersing block of the analyzer. In the 
cuvette, the material was stirred for 100 s with a spinner at a speed 
of 2400 rpm and was exposed to the built-in ultrasound. After 
switching off the ultrasonic device, 10 repeated measurements 
were made. The results were averaged in the Mastersizer v.3.62 
application. The calculation of the particle size distribution was 
carried out on the basis of the Fraunhofer approximation.

Results
Stratigaphy of the Azau Star section and it’s 
interpretation
T1 glacier advance and S1 glacier retreat. The uppermost till 
(T1) exposed in the lateral moraine section is a 50–60 cm thick 
clast-rich diamicton embedded within a silty matrix (see Table 1, 
Figure 4). At the depth of 20 cm it includes a lens of loam darker 
and richer in organic material than the till although still too poor 
to be dated by radiocarbon. It indicates a potentially short period 
of glacier retreat from this site. Further re-advance, both occurred 
relatively recently, judging by the location of this layer very close 
to the surface of the moraine.

The S1 (see Table 1, Figure 4) paleosol is a loam layer buried 
in the till 60 cm below the surface. The S1 paleosol is similar in 
appearance to the lens of organic material described above, also 
extremely poor in carbon and nitrogen (see Table 3), but thicker 
and more continuous. The S1 has no clear evidence of proper soil 
development and, therefore, it would be more correct to consider 
it as leptosol – a lithological layer different from the till.

The date obtained from the humic acid from S1 paleosol (bulk 
sample collected from the entire unit) is characterized by F14C 
(fraction modern) > 1, most probably due to the input of modern 
carbon with soil solutions (see Table 2). The fragments of the 
charcoal spread out in the S1 yielded a young radiocarbon date 
130 ± 20 yr BP (IGANAMS-6826) (calibrated as AD 1680–
1939). The thickness of paleosol S1, its young 14C age and poor C 
and N contents indicate that the time interval of the development 
of this stratigraphic horizon was short, not exceeding a few 
decades. It was deposited within one of the relatively warm inter-
vals of the final stage of the LIA.

Additional tree-ring and historical data allow the calibrated 
date of the S1 paleosol to be constrained to the broad interval AD 
1680–1939. The surface of the section represents at least six small 
lateral moraine ridges (see Figure 4) implying numerous minor 
re-advances of the Greater Azau Glacier each of smaller magni-
tude than the previous one. The moraines are overgrown with 
young birch and pine trees. The first rings in the oldest pines on 
these moraines date back to AD 1903 and AD 1909. Taking into 
account the corrections for the coring height and for the time of 
pine settlement in this area, the minimum age of stabilization of 
these surfaces is AD 1880s–1870s (Solomina et al., 2016, 2021). 
Judging by the early descriptions and photographs (Figure 2a) in 
1880s these moraines had a fresh-looking surface. Thus, the 
uppermost till T1 was deposited shortly before the AD 1880s, but 
not much earlier judging by the unvegetated fresh surface of the 
moraines.

The most obvious candidate for the advance occurred in 
1680–1880s is a glacier expansion that occurred in 1849 (Abich, 
1875). Abich revisited the site 24 years later and observed the gla-
cier in a retracted position. He described fresh-looking left lateral 
moraines where he identified 17 “moraines en retraite” (Abich, 
1875: 102) that he interpreted as annual levels of the degradation 
of the glacier. Based on this hypothesis, he decided that the gla-
cier retreat began in 1856–1857. Thus, the timing of the S1 paleo-
sol deposition can be further bracketed by the interval between 
1680 and 1849 or 1680 and 1856/1857 if we accept the Abich’ 
hypothesis of the beginning of the glacier retreat.
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Table 2. Radiocarbon dates of paleosols of the of the “Azau Star” 
section.

Lab. No. 
IGAN

Buried 
soil

Depth, 
cm

Material 14C yr., BP 
(1V)/F14C

Calibrated age, 
2V

6826 S1  0–5 Charcoal 130 ± 20 AD 1682–1939
8127 S2 10 Birch bark 320 ± 20 AD 1496–1641
8126 S2 10 Charcoal 1190 ± 20 AD 774–889
8124 S3 10–20 Charcoal 1300 ± 20 AD 663–773
8125 S3 40 Charcoal 2855 ± 20 1109–931 BC
6827 S3 30 Charcoal 2880 ± 20 1187–940 BC
8140 S1  0–2 HA 1.028 ± 0.024  
8314 S3 10–25 HA 680 ± 80 AD 1219–1420
8315 S3 25–40 HA 1290 ± 70 AD 608–892
8316 S2  0–10 HA 210 ± 60 AD 1524–1950

Table 3. Grain size of paleosols and till, fraction content by %, of the “Azau Star” section.

Soil Horizons, 
depth,* cm

Size of fractions, mm

0.0001–
0.001

0.001–
0.005

0.005–
0.01

0.01–
0.05

0.05–
0.1

0.1–
0.25

0.25–
0.5

0.5–
1.0

1.0–
2.0

>2.0

S1 C 0-5 2.0 6.5 2.1 18.2 15.0 19.2 7.3 2.0 3.5 24.2
Till – 1.0 5.8 2.8 7.1 3.3 5.0 4.5 3.1 8.9 58.6
S2 Ab1 0–1 0.7 5.9 5.4 31.2 26.2 24.6 5.2 0.7 0.0 0.0

Ab2 1–10 0.6 5.3 6.0 40.2 27.7 17.6 2.5 0.1 0.0 0.0
ABb 10–15 0.7 5.7 7.3 47.7 21.1 12.6 3.9 1.0 0.1 0.0

S3 Ahb 0–2 0.4 4.8 5.2 36.4 28.9 18.5 2.9 0.1 0.4 2.3
Ab 2–20 0.7 6.3 7.0 41.6 26.5 16.7 1.2 0.0 0.0 0.0
ABb 20–35 1.1 6.5 6.7 40.0 24.6 17.7 2.9 0.4 0.0 0.0
Csb 35 1.3 6.9 5.8 27.0 21.7 17.3 3.6 0.4 2.4 13.7
C 36–50 1.2 7.1 5.9 25.3 17.6 15.1 5.1 1.3 5.3 16.1

Fractions: <0.001 – clay, 0.001–0.005 – fine silt, 0.005–0.01 – medium silt, 0.01–0.05 – coarse silt, 0.05–0.10 – very fine sand, 0.10–0.25 – fine sand, 
0.25–0.5 – medium sand, 0.5–1.0 – coarse sand, 1.0–2.0 – very coarse sand, >2 – gravel.
*Depth from the surface of the soils.

The minimum limiting dates of the moraines deposited before 
the AD 1849 advance in the Greater Azau valley are 1801 and 
1598 (see Figure 2c). While the 1598 minimum date is too old to 
fit to the calibration interval 1680–1939 we cannot rule out that 
the advance that occurred shortly before 1801 may correspond to 
the T1 till. However, the age of the 1801 advance is doubtfully 
due to excessively large lichens on the surface of this moraine.

Although it is difficult to trace the continuation of the left lat-
eral moraine ridges that break off at the “Azau Star” section down 
to the bottom of the valley, one of them probably corresponds to 
the end moraine deposited at 2320 m a.s.l. (see Figures 1 and 2c). 
Volodicheva and Voitkovsky (2004) tentatively attribute it to 
1880s based on historical information, while Zolotarev and 
Seinova (1983) believed that this was the position of glacier front 
in 1849.

T2 glacier advance and S2 glacier retreat. Paleоsols S2 and S3 
are attributed to the umbrisols (IUSS Working Group WRB, 
2015). The S2 paleosol is buried at the depth of 13 m from the 
surface of the section. This is an intact, gently inclined sub-hori-
zontal layer sandwiched between the tills T2 and T3. The S2 
paleosol is thicker (15–20 cm) than the S1 and it possesses a bet-
ter-developed profile (see Figure 4). The 14C date obtained from 
humic acid from the S2 paleosol is 210 ± 60 yr BP (IGAN-1816) 
(calibrated as 1524–1950) (see Table 2). The 14C date 320 ± 20 yr 
BP (IGANAMS-8127) derived from the bark of birch located in the 
middle part of the paleosol S2 (see Figure 4) yielded a calibrated 
age AD 1496–1641. A layer of charcoals located a few centime-
ters below the bark returned a much older 14C date 1190 ± 20 yr 
BP (IGANAMS-8126) (AD 774–889). Although there is no 

inversion of the dates, a large difference between the dates of the 
bark and the charcoal needs explanation. We suggest that the date 
1190 ± 20 yr BP (IGANAMS-8126) (AD 774–889) is close to the 
beginning of the S2 formation, while the date of the bark may 
indicate the final stage of the soil development. We suppose that 
the bark belongs to the birch growing on the surface of the stabi-
lized moraine with already developed soil and hence the age of its 
death is closer to its final stage shortly preceding its burial by a 
glacier advance (see Figure 4). We use this suggestion as a work-
ing hypothesis, but do not exclude the possible relocation of the 
bark from the younger deposits.

Thus, we hypothesize that the S2 paleosol development was 
interrupted in 1496–1641 by the glacier advance that deposited 
the T2 till covering this paleosol. From the top, the age of the 
T2 is constrained by the date of S1 (1680–1850s). S1 date 
largely confirms the date of T2 advance (1496–1641), but does 
not help to get a more precise age. The tree-ring minimum lim-
iting age of the oldest moraines at Greater Azau forefield is AD 
1598. With the corrections for the time of colonization (15–
20 years) and the height of coring (10–15 years) the minimum 
date of moraine stabilization is two to three decades older. This 
moraine is situated at the elevation 2290 m a.s.l. slightly below 
the hypothetical location of the front position described by 
Abich in AD 1849 (1875). It means that the advance older than 
AD 1598 was of a greater extent than the one that occurred in 
AD 1849, and hence the ice most probably covered the crest of 
the left lateral moraines of our section at the elevation of 2400 m 
a.s.l. For this reason the advance >AD 1598 can be a candidate 
to interrupt the development of S2 paleosol. However, Solo-
mina et al. (2016) judging by the size of maximum diameters of 
Rhizocarpon geographicum (120–130 mm) growing on this sur-
face, suggested that the real age of the moraine is much older 
than this minimum limiting tree ring date (1598). The growth 
curve for lichens is not very well constrained in the Caucasus 
for this old part. Serebryanny et al. (1984) reported that the 
lichens as large as 100 mm grow at the surface of a moraine 
deposited in 13th–14th centuries (younger that the 14C date 
650 ± 80 yr BP (TA-867)). Taking into account all the uncer-
tainties, we provisionally accept the wider time interval AD 
1496–1641 as a potential timing of T2 advance.

Since the S2 is a relatively well-developed soil (see Figure 4), 
containing a dark humus horizon with a high content of soil 
organic matter, the interval of its formation undisturbed by glacier 
advances should be at least a few centuries long (Gennadiev, 
1978, 1990). In fact, we suggest that it lasted for almost 900 years 
according to our 14C chronology and began as early 1190 ± 20 yr 
BP (IGANAMS-8126) (AD 774–889).



Solomina et al. 475

Table 4. Carbon and Nitrogen in the paleosols and in the till of 
the “Azau Star” section.

Soil Unit Horizons, 
depth, cm

C (%) N (%) C/N atm

S1 3 C 0–5 0.09 (0.01) 21.131
Till 4 – 0.16 0.01 21.588
S2 5 Ab1, 0–1 5.37 0.44 14.244

Ab2, 1–10 5.13 0.42 14.276
ABb, 10–15 4.41 0.33 15.756

S3 7 Ahb, 0–2 4.96 0.4 14.577
Ab, 2–20 3.22 0.28 13.408
ABb, 20–35 2.47 0.2 14.461
Bsb, 35 2.18 0.16 16.057
C, 36–50 1.91 0.14 15.450

S32018 7 Ab 10 4.66 0.4 13.705
S32018 7 ABb 25 3.61 0.28 15.134

T3 and T4 glacier advances and S3 glacier retreat. The lower-
most paleosol S3 deposited 15 m below the surface of the lateral 
moraine is the thickest, well-developed soil layer 40–60 cm thick. 
The deepest part of the S3 under lower lamella (Bsb and C hori-
zons, see Table 1 and Figure 4) is represented by unevenly mixed 
loam and till, with some charcoal particles. Above this stratum, a 
layer of loam 30–40 cm thick with no admixture of detrital mate-
rial is accumulated. The S3 paleosol is represented by humus Ab 
and weakly expressed surface coarse humus Ahb horizons. How-
ever, the total profile of the paleosol S3 is somewhat larger than 
the one of the loam layer. Here under the lamella (Bsb), in the 
transition horizon C, the content of carbon and nitrogen is 
increased, and the fragments of charcoal were collected for the 
14C analyses.

The two dates from this unit obtained from humic acids of soil 
material collected at the depth of 10–25 cm and 25–40 cm are 
680 ± 80 yr BP (IGAN-8314) and 1290 ± 70 yr BP (IGAN-8315), 
respectively. The charcoal accumulated 10–20 cm below the top 
of the S3 paleosol, yielded the date 1300 ± 20 yr BP (IGA-
NAMS-8124) (AD 663–773). The two dates from the charcoal frag-
ments buried at the bottom of the S3 paleosol are 2855 ± 20 yr BP 
(IGANAMS-8125) and 2880 ± 20 yr BP (IGANAMS-6827) (cal 
1109–931 BC and 1187–940 BC).

The 14C date of charcoal from the upper part of S3 (1300 ± 20 
yr BP), indicates that the soil development was interrupted by a 
glacier advance in the AD 7th–8th centuries. The age of this 
advance that deposited the T3 till is constrained from the top by 
the date of the S2 paleosol (AD 774–889), that is, lies in a very 
narrow time interval: the till T3 pre-dates the AD 8th–9th centu-
ries and post-dates the AD 7th–8th centuries. No dates of moraines 
older than three-four centuries are available in the Greater Azau 
valley for a comparison with these results.

The glacier recession episode (marked by the paleosol S3) 
lasted from 2800/2900 14C yr BP to 1300 14C yr BP, that is was at 
least about 1500–1700 years long. The well-developed profile and 
the thickness of the S3 paleosol confirms the suggestion of a long 
interval when the site was ice-free. The dates of the charcoal par-
ticles at the bottom of the S3 paleosol constrain the end of the 
previous (T4) glacier advance that occurred before 2800–2900 
14C yr BP (see Table 3).

In summary, in the section “Azau Star” we identified four 
discrete advances of Greater Azau Glacier and three to four peri-
ods of glacier recession. These most prominent advances 
occurred in 19th (most probably around 1849), between the end 
of 15th–first half of 17th, AD 7th–9th centuries, and shortly 
before 1187–940 BC. Between these dates, the glacier retreated 
from the site.

Discussion
Other 14C dates of paleosols at the forefields of the 
Greater Azau glacier
Until now, mostly radiocarbon dates of bulk paleosol samples 
at the forefields of the Greater Azau glacier were reported in the 
scientific literature (Baume and Marcinek, 1998; Rogozhin, 
2010; Solomina et al., 2013b). For this reason, the comparison 
between the bulk and more precise AMS dates from macrofos-
sils is important to understand the values of the earlier dates 
obtained not only for the moraines, but also for colluvium, ava-
lanche, debris flows (Solomina et al., 2013b), landslides, and 
earthquakes deposits (Bogatikov et al., 2003; Rogozhin, 2010) 
in the Caucasus.

As is known, soil organic matter is heterogeneous and repre-
sents a pool of different ages, which complicates the interpreta-
tion of the data (Geyh et al., 1985; Matthews, 1980; Reyes and 
Clague, 2004). These dates of the paleosols are traditionally con-
sidered as a minimum age of their burial (Chichagova, 2005).

From the data provided above it is clear that all 14C dates of the 
humic acids from S1, S2 and S3 paleosols are younger that those 
identified by AMS dating of charcoal and wood particles embed-
ded in these units. The difference between the bulk dates from 
humic acids and the AMS dates from charcoals coming from the 
same soils is irregular sometimes reaching several centuries. It 
means that any recalculation of the bulk 14C paleosol dates into 
more realistic absolute ages is impossible.

Apart from the dates from the section described above, we are 
aware of four more sites of paleosols in the Greater Azau valley 
(see locations at the Figure 1).

A thin palesol located 100 cm below the surface at the Section 
2 is overlaid by sediments that can be interpreted as debris flow 
deposits. The 14C of the paleosol (humic acid) returned the mod-
ern date (110.36% ± 3.51% IGRAN-4611). It is possible that the 
debris flow event that isolated this young paleosol layer is the 
one recorded at the photo of AD 1932 taken by L.Ya.Frolov (Fig-
ure 1 in Supplemental Materials).

The Site 3 is located in the vicinity of the Section 2, across the 
road, at a foothill of a slope at the left side of the valley at the 
elevation 2340 m a.s.l. This is another artificial cross-section that 
exposes colluvial deposits (sandy loam) with three visible paleo-
sols located at the depth of 115–119, 160–170, and 190–203 cm. 
The uppermost layer is not sampled due to its too young age for 
the 14C dating that was obvious from a visual inspection (Solo-
mina et al., 2013b). We speculate that the development of this 
paleosol was interrupted by the same debris flow that buried the 
paleosol at the Site 2. The two other paleosols in this section 
yielded the following 14C ages (humic acids) 170 ± 50 yr BP 
(IGRAN-3939) (AD 1650–1890) and 380 ± 60 yr BP (AD 1430–
1650) (IGRAN-3938). Solomina et al. (2013b) interpreted these 
dates as the periods of slope stabilization and low avalanche 
activity.

The Site 4 is an outcrop at the terminal moraine were Baume 
and Marcinek (1998) found a paleosol layer at the depth of 110 cm 
that returned the 14C date (humic acid) 340 ± 95 yr BP (n22268, 
Hannover) (AD 1400–1850). Unfortunately, no other details 
about this paleosol are available. The age of the oldest tree grow-
ing on this moraine is AD 1640. Although it does not contradict 
the 14C age of the paleosol, we believe that both dates represent 
the minimum age of the moraine that overlays this paleosol and it 
might be far from the real absolute date of the glacier advance, 
which deposited this moraine. The reason for this suggestion is 
the location of the site outside the Little Ice Age moraine com-
plex. Most probably the origin of this paleosol is similar to the 
lowermost paleosol layer (380 ± 60 yr BP (AD 1430–1650) 
(IGRAN-3938)) described at the Site 1: the development of soil 
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might be interrupted in both cases by a debris flow event that 
affected the two sites considering their very close locations, simi-
lar depth of the paleosol layers and close 14C dates (340 ± 95 14C 
yr BP and 380 ± 60 14C yr BP).

The 14C date 4420 ± 80 yr BP (n22268, Hannover) from the 
site 5 is reported by Baume and Volodicheva (2015, personal 
communication). These are charcoal particles from paleosol in a 
section of a soil-pyroclastic sequence covering the Elbrus volca-
nic deposits at the elevation 2480 m a.s.l., near the Unknown Sol-
der Monument. The Site 5 is located at the inner flank of the 
ancient lava flow at the left side of the valley above the “Azau 
Star” section (Site 1 at Figure 1). The date indicates that the eleva-
tion 2480 m a.s.l., was ice free continuously at least for the past 
5000 years, that is, neither the Greater, nor Maly Azau glaciers 
have been covering this surface since at least the Mid-Holocene.

Variations of the Greater Azau Glacier in comparison 
with other Caucasus glaciers and paleoclimatic 
proxies
We identified four separate glacier advances of large magnitude 
represented in the section “Azau Star” by T1, T2, T3, and T4 tills 
in 1680–1850s, 1490s–1640s, 7th–9th centuries as well as ca 
12th–10th centuries BC, respectively. Between these dates, the 
glacier was smaller. Although there are no end moraines in Azau 
valley reliably dated to directly support or discard this reconstruc-
tion, available paleoglaciological and paleoclimatic context can 
be useful to discuss our findings (Figure 5).

Based on lichenometric data Serebryanny et al. (1984) identi-
fied the advances of nine glaciers at the northern slope of the Cau-
casus dating to AD 1957–1959, 1946–1949, 1925–1930, 
1911–1913, 1885–1887, 1851–1860, 1790–1802, 1677–1683, 
1492–1497, 1418–1425, 1270–1310. The growth curve for Rhizo-
carpon geographicam sp. used by these scholars was based on the 
historical and instrumental dates of the five youngest moraines 
mentioned above and the 14C maximum limiting date of a moraine 
in Bezengi valley (650 ± 80 yr BP (TA-867) (AD 1240–1440)). 

The 14C date comes from the charcoal at the bottom of peat sedi-
ments overlaying the “Naratlinskaya” moraine. According to 
these data, each moraine marks an advance of a smaller magni-
tude than the previous one. Although the lichenometric dates are 
not accurate, this study provides a general pattern of glacier fluc-
tuations in the Northern Caucasus in the past millennium.

For further comparisons with our reconstruction, we used the 
tree-ring and preliminary TCN dates (V. Jomelli, 2018, personal 
communication, see also Solomina et al., 2019) of moraines from 
several other glaciers in the near-Elbrus area. At Kashkatash Gla-
cier one of the largest advances occurred between the autumn AD 
1839 and the spring of AD 1840 that is documented by a tree 
damaged by the advancing glacier (Bushueva and Solomina, 
2012). Three moraines from the advances of a smaller magnitude 
were deposited in 1870s–1890s, 1910s, 1920s, and in 1970–1980-
s. The maximum advance in Terskol valley occurred in the mid-
19th century (Bushueva et al., 2016). This moraine is adjacent to 
the deposits that yielded the TCN 10Be date 0.7 ± 0.06 ka, that is 
like in Bezengi valley it probably dates back to AD 13th–14th 
centuries. Donguzorun – a debris covered glacier – possesses a 
very simple moraine sequence consisting of three lateral moraines. 
The youngest one was formed in the early AD 20th century, the 
two others marking the most prominent advances of a similar 
magnitude are older than 200 and older than 350 years according 
to the tree-ring counts of juniper growing on these surfaces (Solo-
mina et al., 2019). Jomelli reported a single TCN date 0.77 ± 0.1 
ka for the outer moraine implying that the older advance 
(>350 years) occurred in 13th century.

Thus, one LIA glacier maximum in the Near-Elbrus area is 
documented at four glaciers in AD 19th century, not later than in 
its middle part. Numerous less prominent advances occurred later 
in 1870s, 1880s, 1890s etc. (Solomina et al., 2016). This pattern 
agrees well with our assessment of the date of the uppermost till 
T1 in the “Azau Star” section. Previous advances of similar mag-
nitude probably occurred in 13th–14th century at Donguzorun 
and Terskol Glaciers, but the TCN dates constraining these 
advances are single and still very preliminary. Another date of 

Figure 5. Comparison of the timing of glacier advances and paleosol development revealed from “Azau Star” section with other paleoclimatic 
proxies from the Caucasus and glacier variations in some other regions in the past 3500 years. 1 – advances of Greater Azau Glacier (this 
paper), 2 – periods of soils development at the lateral moraines of the Greater Azau valley (this paper), 3 – Lichenomentric dates of moraines 
at the northern slope of Caucasus (Serebryanny et al., 1984), 4 – Preliminary 10Be dates of glacier advances in the northern Caucasus (personal 
communication of V. Jomelli, Solomina et al., 2019), 5 – glacier advances in the southern Caucasus (Georgia), Chalaati Glacier (Tielidze et al., 
2020), 6 – “Arkhiz” warm interval (see references in the text), 7 – Warm (yellow) and cold (violet) intervals reconstructed by pollen and 
geochemical analyses in Karakel Lake, Teberda valley, the northern Caucasus (Alexandrin et al., submitted to Paleo-Paleo-Paleo), 8 – Warm 
(yellow) and cold (violet) intervals reconstructed by pollen analysis in Khuko Lake, western Caucasus (Grachev et al., 2021). Glacier advances 
9 – in the Alps (Ivy-Ochs et al., 2009), 10 – in Scandinavia, Spitsbergen, Baffin Island, Iceland, European Alps, and Himalaya (Bakke et al., 2010), 
11 – in Southern Norway (Griffey and Matthews, 1978), 12 – in the Northern Hemisphere (Solomina et al., 2015), 13 – Mer de Glace Glacier, 
Alps (Le Roy et al., 2015).
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13th–14th century advance comes from the 14C date at Bezengi 
Glacier.

Serebryanny et al. (1984) assessed the depression of the equi-
librium line altitude in 13th–14th centuries as large as 145–160 m, 
while for the advances occurred in the early 17th–mid 19th centu-
ries they estimated it as 50–60 m only. Seinova and Zolotarev 
(2001) also based on lichenometric data argued that in the Near-
Elbrus area the advances of the first (13th century) and the second 
(17th–19th centuries) phases of the LIA were of similar magni-
tude. Almost equal magnitude of glacier advances in 13th and 
19th centuries is reported for Chalaati Glacier in Georgia (south-
ern slope of the Caucasus) by Tielidze et al. (2020) who used the 
preliminary TCN date of a moraine and identified the largest LIA 
advance at AD ~1280–1400. At the secondary LIA maximum that 
occurred about AD 1810 (tree rings) the Chalaati Glacier reached 
almost the same length as in 13th–14th centuries.

Collectively this evidence, although rather sparse, testify in 
favor of a similar magnitude for the two LIA maxima in 17th–
19th and 13th–14th at least in the Caucasus. The absence of the 
till deposited during the first LIA maximum in our section can be 
hardly explained by the erosion of this till: we did not find any 
evidence of this in the section. Obviously new data is necessary to 
identify the scale of the advance of the early LIA stages.

The advance that is constrained by two 14C dates – 1190 ± 20 
yr BP (IGANAMS-8126) (AD 774–889) from the top and 1300 ± 20 
yr BP (IGANAMS-8124) (AD 663–773) from the bottom of T3 – is 
identified for the first time in the Caucasus.

Serebryanny et al. (1984) suggested an advance at 2.8 ka 
(uncalibrated) in Bezengi valley, although this assumption was 
based on a climate deterioration period identified at that time by 
pollen analyses. Based on preliminary TCN sampling V. Jomelli 
identified an advance occurred ca 2.8–2.9 ka at Alibek, Terskol, 
and the Greater Azau glaciers (see also Solomina et al., 2019). 
The glacier expansion shortly before ca 3 ka is supported by two 
radiocarbon dates 2855 ± 20 yr BP (IGANAMS-8125) and 
2880 ± 20 yr BP (IGANAMS-6827) (1109–931 BC and 1187–940 
BC) in the “Azau Star” section.

Based on spore-pollen data Knyazev et al. (1992) identified a 
cold period between 3.0–2.9 ka and 2.3–2.2 ka (uncalibrated) and 
another cooling (probably three separated episodes) occurred at 
1.0–0.7 ka in Northern Osetia. Kvavadze and Efremov (1996) in 
the Western Caucasus (Arkhiz region) dated the coolings at 1.2–
1.3 ka and 0.35–0.4 ka (uncalibrated), but report about four warm 
and four cold episodes in the last 1600–1800 years that are derived 
from palynological records but are not dated. Based on the 
changes in pollen assemblages, content of organic matter and ero-
sion rates in Khuko lake sediments in the Western Caucasus 
Grachev et al. (2021) identified warm periods at 3.5–2.4 and 0.8–
0.5 ka BP and coolings at 2.4–0.8, and 0.5 ka BP–present (cali-
brated). In general, the stratigraphic data mentioned above do not 
agree with each other most probably due to a poor chronological 
control in the case of the early data (Knyazev et al., 1992; Kva-
vadze and Efremov, 1996; Serebryanny et al., 1984) or too large 
sampling interval for pollen analyses in the case of Khuko section 
(Grachev et al., 2021).

One relatively high-resolution paleoclimatic reconstruction 
covering the period of the past 1.5 ka is available for Teberda val-
ley, where the Karakel lake sediment were sampled for pollen 
analyses every 1 cm and the reconstruction is chronologically 
controlled with 10 14C dates (Alexandrin, 2019; Chepurnaya, 
2014; Solomina et al., 2013a, 2014). Based on spore-pollen and 
geochemical analysis of the deposits of Lake Karakel Alexandrin 
(2019) identified three distinct stages of cooling within the Little 
Ice Age at ca AD 1250–1400, ca AD 1500–1630, ca AD 1750–
1880. According to this reconstruction, the cooling of the 13th 
century was sharp, but rather short. Similar in duration and ampli-
tude was the cooling around AD 1400. While the cool episode at 

AD 1750s–1880s most probably coincides with the T1 till in our 
section, either (or both) earlier coolings and potential glacier 
advances might be expressed in the T2 till.

Within the period of AD 1596–2011 Dolgova (2016) identi-
fied the warmest summers (June–September) from the maximum 
density pine chronology in the Caucasus in 1714–1730, 1781–
1806, 1939–1968, and 1985–2011. A warm period in Karakel lake 
sediments (Alexandrin, 2019) dates back to between AD 1630 
and ca 1750. A shift of the dates of the warm episode in compari-
son to the tree-ring reconstruction in 18th century can be explained 
by less accurate chronology of the non-laminated lake sediments 
of Karakel deposits. We consider the 18th century as the most 
probable candidate for the warming, the retreat of Greater Azau 
and S1 paleosol deposition. This is indirectly confirmed by the 
evidence of Abich (1875) who described the glacier in 1849 as 
one advancing in the hundred years’ old forest. This means that in 
18th century, the Greater Azau was in a retracted position and the 
valley was occupied by mature trees.

Some historical, archeological (Kuznetsov, 1993; Turmanina, 
1988; Tushinsky, 1964) and palynological (Kvavadze and Efre-
mov, 1996; Serebryanny et al., 1984) data provide evidence, 
although scarce and sometimes ambiguous, that the LIA cooling 
was preceded by a long warm interval with retracted glaciers and 
a lower avalanche activity called in the Caucasus the “Arkhyz 
hiatus in glaciation” between 6th and 12th centuries. However, 
the chronological control for this warm period is still very vague. 
Alexandrin (2019), using the Bromine content in the bottom sedi-
ment of Lake Karakel and its coherence with the broadleaved pol-
len identified the Medieval Warm Period lasting from ca AD 770 
to AD 1250. The Medieval Warm Period warming included at 
least six multidecadal intervals of relative cooling, but on average 
the temperature in this period was much higher than in the LIA. 
The beginning of this interval correlates very well with the dates 
of S2 paleosol formation (AD 774–889).

Comparison of Greater Azau Glacier fluctuations 
with the global context of the late-Holocene glacier 
history
It is well known that the time and scale of glacier advances can 
differ not only between mountain regions, but also between 
neighboring glaciers. However, some periods of Holocene glacier 
advances tend to cluster at 4.4–4.2 ka, 3.8–3.4 ka, 3.3–2.8 ka, 2.6 
ka, 2.3–2.1 ka, 1.5–1.4 ka, 1.2–1.0 ka, 0.7–0.5 ka, roughly corre-
sponding to the coolings in the North Atlantic (Solomina et al., 
2015). We found a certain similarity of our reconstruction with 
the global picture, especially with the Alpine and Scandinavian 
records (Figure 5).

Generally, in the Alps the LIA maximum dates back to the 
17th–19th centuries, but the advances of almost the same mag-
nitude occurred also in the first millennium in the AD 6th–early 
7th century in the Swiss and French Alps (Holzhauser et al., 
2005; Le Roy et al., 2015) and in the AD 9th century in the east-
ern Alps (Nicolussi et al., 2006). At the Sulden Ferner, the 
advance of AD 9th century is dated very precisely at AD 835 
(Nicolussi et al., 2006). An advance from the AD 5th to the 9th 
century, is also recorded in the Italian Alps (Deline and Orom-
belli, 2005).

In our section the till T3 lying between the S2 and S3 paleosols 
is very closely limited by the radiocarbon dates (AD 7th–9th cen-
turies), that is, the dates of advance is similar to the one that 
occurred in the Eastern Alps. Theoretically, it can also be a part of 
the Late Antique Little Ice Age – a cold interval identified for the 
temperate regions of Eurasia (e.g. in the Alps and in the Altay 
Mountains) from AD 536 to AD ~660 by Büntgen et al. (2016). 
However, Van Dijk et al. (2021) recently questioned a century-
long cooling based on model experiments and the new Northern 
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Hemisphere (NH) temperature reconstruction by Büntgen et al. 
(2020) that shows a much shorter cold period lasting until about 
AD 560. Another cooling around AD 800 is also recorded by a 
new NH mid-latitudes temperature reconstruction (Büntgen et al., 
2020). This implies that the advance of the Greater Azau should 
be rather attributed to the later, AD 9th century cold interval. 
Another possibility is that the T3 till includes the deposits of the 
two short but large-scale advances occurred between AD 7th and 
9th centuries. This interval (AD 600–900) was also identified as a 
period of advances in Alaska and Coastal Ranges of Canada (Bar-
clay et al., 2013; Reyes et al., 2006; Wiles et al., 2002, 2004; 
Young et al., 2009).

Two periods of glacier advances at 2.7–3.0 ka and 3.0–3.3 ka 
were reported by Solomina et al. (2015) in both the Northern and 
Southern hemispheres at high and mid latitudes. In the Alps the 
Tsjiore Nuove and Stein glaciers advanced between 3.3 and 2.8 ka 
as shown by 10Be data (Schimmelpfennig et al., 2014). The dates 
of the advance preceding the S3 paleosol formation in “Azau 
Star” are close to these alpine advances.

Overall, in their comprehensive review of glacier fluctuations 
in the Alps Ivy-Ochs et al. (2009) mentioned three major periods 
of Neoglacial advances at 3.0–2.6 ka, around AD 600 and during 
the LIA. In Scandinavia, Spitsbergen, Baffin Island, Iceland, 
European Alps, and Himalaya Bakke et al. (2010) identified 
advances at 4.0 ka, 2.7 ka, 2.0 ka, 1.3 ka and during the LIA. 
These sequences are close to the chronology that we provided 
here for the Greater Azau Glacier. There is a similarity of our 
records with those presented by Griffey and Matthews (1978). 
Based on paleosols buried in the moraines (i.e. the same approach 
that we used in this paper) they identified that advances of largest 
magnitude occurred in Southern Norway at ca 2700 cal BP, 1300 
cal BP and in LIA.

Conclusions
In this paper, we presented the chronology of the Greater Azau 
Glacier variations constrained by the radiocarbon dates of organic 
material from the paleosols buried in the tills of a lateral moraine. 
This is the first reconstruction that allowed identifying the abso-
lute dates of four most prominent advances over the last 3500 years 
similar in magnitude to the Little Ice Age Maximum.

Novel key findings are:

1. The Greater Azau Glacier reached its maximum thickness 
during the advances in the AD 19th, AD 15th–17th-centu-
ries, AD 7th–9th centuries, as well as shortly before 12–10 
centuries BC.

2. The glacier retreat during the two long intervals allowed 
the deep soil profiles to develop between the AD 7th–9th 
and 15th centuries, and before the AD 7th–9th centuries.

Although this first numerical constraint on Neoglacial glacier 
advances in the Northern Caucasus has greatly clarified the gla-
cier chronology in this region, we must admit that the dates 
obtained at one site are still preliminary. In addition to dating of 
glacial advances our records allowed us to determine the periods 
of glacier retreat and soil cover formation on stabilized moraine 
surfaces that implies a warmer climate. Two of these warmer peri-
ods were long and lasted 600–800 and 1500–1700 years. The 
advances, on the contrary, seem to have been shorter events, espe-
cially the one that occurred between the dates AD 774–889 and 
AD 663–773.

A comparison of our glacier chronology with those from the 
Austrian Alps and Southern Norway shows a similarity in the 
periods of glacier activity in these regions in the Neoglacial time. 
This is understandable since the climate in all these regions is 
largely driven by the westerlies. The similarity of decadal varia-
tions of summer temperature in AD 16th–21st centuries in the 

Alps and in the Northern Caucasus has been reported previously 
on the basis of the tree-ring analysis (Dolgova, 2016).

Our study highlights the need of more high-resolution paleo-
climate records from various sites and different proxies in the 
Caucasus, including glacier variations because there is now a 
great disagreement between different proxy arrays and it is diffi-
cult to bring them all together into a complete and consistent pic-
ture. The reason for this is a poor chronological control of most 
records and a low temporal resolution of some biostratigraphic 
reconstructions. We hope that new TCN dates of moraines and the 
development of other stratigraphic records with stricter chrono-
logical control will help develop more robust multi-proxy paleo-
climatic reconstructions in the Caucasus.

Acknowledgements
We are grateful to the colleagues V. Mikhalenko, E. Grabenko, 
A. Oleinikov who contributed to this studies in the field. The Plé-
iades stereo-pair used in this study was provided by the Pléia-
des Glacier Observatory initiative of the French Space Agency 
(CNES). We are most grateful to the reviewer for his enormous 
efforts to improve our manuscript.

Author contributions
Olga N Solomina was a principal investigator of this study and 
wrote the initial text for the paper, Alexander L Alexandrovskiy 
was responsible for additional sampling and the description and 
interpretation of the soil properties, Elia P Zazovskaya contrib-
uted to the interpretation of the 14C dates, Tatyana M Kuderina 
and Vasiliy A Shishkov participated in the fieldwork and scien-
tific discussions. Irina S Bushueva was responsible for the remote 
sensing data and support. Evgeniy A Konstantinov provided the 
results of the granulometric analyses.

Data availability
The authors declare that the data supporting the findings of this 
study are available in the article and its supplementary part. Ad-
ditional datasets generated and/or analyzed during the current 
study are available from the corresponding author on reasonable 
request.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this article. 

Funding
The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this 
article: The Field investigations were carried out within the 
framework (No 0148-2019-0004) of the State Assignment of 
Institute of Geography, Russian Academy of Sciences. The 
Megagrant project (agreement No 075-15-2021-599, 8.06.2021) 
of the Ministry of Highest Education of Russia “Natural And 
Anthropogenic Environmental Changes Inferred From Multi-
Proxy Paleorecords In Russia” supported the analytical studies. 
V. Jomelli provided the unpublished TCN data (IRP DEGLAC 
project, IRP00008).

ORCID iD
Irina S Bushueva  https://orcid.org/0000-0002-8324-4822

Supplemental material
Supplemental material for this article is available online.

References
Abich H (1875) Geologische Beobachtungen auf Reisen im 

Kaukasus um Jahre 1873. Moskau: Universitäts-Buchdruck-
erei (Katkoff & Co) (in German).

https://orcid.org/0000-0002-8324-4822


Solomina et al. 479

Agatova AR, Nazarov AN, Nepop RK et al. (2012) Holocene gla-
cier fluctuations and climate changes in the southeastern part 
of the Russian Altai (South Siberia) based on a radiocarbon 
chronology. Quaternary Science Reviews 43(8): 74–93.

Alexandrin MY (2019) Using lake sediments for paleoclimatic 
reconstructions in the Caucasus. Thesis for a degree candi-
date of geographical sciences, Institute of Geography Russian 
Academy of Sciences, Russia (in Russian).

Atlas of the Elbrus Glaciers (1965) Part 1. Photographs of Gla-
ciers. Moscow: Moscow University Publishing House.

Bakke J, Dahl SO, Paasche Ø et al. (2010) A complete record 
of Holocene glacier variability at Austre Okstindbreen, north-
ern Norway: An integrated approach. Quaternary Science 
Reviews 29(9–10): 1246–1262.

Barclay DJ, Yager EM, Graves J et al. (2013) Late-Holocene gla-
cial history of the Copper River Delta, coastal south-central 
Alaska, and controls on valley glacier fluctuations. Quater-
nary Science Reviews 81: 74–89.

Baume O and Marcinek J (1998) Gletscher und Landschaften des 
Elbrusgebietes. Die Lawienentatigkeit. Gotha: Verlag Gotha 
(in German).

Bogatikov OA, Rogozhin EA, Gurbanov AG et al. (2003) Ancient 
earthquakes and volcanic eruptions in the Elbrus region. 
Reports of the Academy of Sciences 390(4): 511–516 (in Rus-
sian).

Büntgen U, Arseneault D, Boucher É et al.(2020) Prominent role 
of volcanism in Common Era climate variability and human 
history. Dendrochronologia 64: 125757.

Büntgen U, Myglan VS, Ljungqvist FC et al. (2016) Cooling and 
societal change during the Late Antique Little Ice Age from 
536 to around 660 AD. Nature Geoscience 9(3): 231–236.

Burmester H (1913) Rezent-glaziale Untersuchungen und photo-
grammetrishe Aufnahmen im Baksanquellgebiet (Kaukasus). 
Zeitschrift fur Gletscherkunde 8: Ht. 1: 1–41.

Bushueva IS and Solomina ON (2012) Fluctuations of Kash-
katash Glacier over last 400 years using cartographical, den-
drochronological and lichonometrical data. Led i sneg 2(118): 
121–130 (in Russian).

Bushueva I, Solomina O and Volodicheva NA (2016) Fluctua-
tions of Terskol Glacier, Northern Caucasus, Russia. Earth’s 
Cryosphere 20: 95–104 (in Russian).

Chepurnaya AA (2014) Dynamics of vegetation cover in the Late-
Holocene in Lake Karakel – Teberda Valley area (according 
to palynological data). Bulletin of the Russian Academy of 
Sciences 2: 84–95 (in Russian).

Chichagova OA (2005) Absolute and relative ages of soils from 
radiocarbon dating: Development of I.P. Gerasimov’s ideas. 
Eurasian Soil Science 38(12): 1277–1285.

Deline P and Orombelli G (2005) Glacier fluctuations in the West-
ern Alps during the Neoglacial, as indicated by the Miage 
morainic amphitheatre (Mont Blanc massif, Italy). Boreas 34: 
456–467.

Dolgova E (2016) June–September temperature reconstruction in 
the Northern Caucasus based on blue intensity data. Dendro-
chronologia 39: 17–23.

Freshfield DW (1896) The Exploration of the Caucasus. V. 1. 
London and New York, NY: Edward Arnold.

García JL, Hall BL, Kaplan MR et al. (2020) 14C and 10Be dated 
Late-Holocene fluctuations of Patagonian glaciers in Torres 
del Paine (Chile, 51°S) and connections to Antarctic climate 
change. Quaternary Science Reviews 246: 106541.

Gennadiev AN (1978) Study of soil formation by the method of 
chronosequences (on the example of the Elbrus region). Eur-
asian Soil Science 12: 33–43 (in Russian).

Gennadiev AN (1990) Soils and Time: Models of Development. 
Moscow: Lomonosov State University Press (in Russian).

Geyh MA, Röthlisberger F and Gellatly A (1985) Reliability tests 
and interpretation of 14C dates from palaeosols in glacier  
environments. Zeitschrift für Gletscherkunde und Glazialge-
ologie 21: 275–281.

Grachev AM, Novenko EY, Grabenko EA et al. (2021) The Holo-
cene paleoenvironmental history of Western Caucasus (Rus-
sia) reconstructed by multi-proxy analysis of the continuous 
sediment sequence from Lake Khuko. The Holocene 31(3): 
368–379.

Griffey NJ and Matthews JA (1978) Major Neoglacial glacier 
expansion episodes in southern Norway: Evidences from 
moraine ridge stratigraphy with 14C dates on buried palaeo-
sols and moss layers. Geografiska Annaler: Series A, Physi-
cal Geography 60(1–2): 73–90.

Holzhauser H, Magny M and Zumbuühl HJ (2005) Glacier and 
lake-level variations in west-central Europe over the last 3500 
years. The Holocene 15(6): 789–801.

Humlum O, Elberling B, Hormes A et al. (2005) Late-Holocene 
glacier growth in Svalbard, documented by subglacial relict 
vegetation and living soil microbes. The Holocene 15(3): 
396–407.

IPCC (2021) Summary for Policymakers. In: Masson-Delmotte V, 
Zhai P, Pirani A, Connors SL, Péan C, Berger S, Caud N, Chen 
Y, Goldfarb L, Gomis MI, Huang M, Leitzell K, Lonnoy E, 
Matthews JBR, Maycock TK, Waterfield T, Yelekçi O, Yu R, 
and Zhou B (eds.) Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press.

IUSS Working Group WRB (2015) World Reference Base for 
Soil Resources 2014, Update 2015. International Soil Clas-
sification System for Naming Soil and Creating Legends for 
Soil Maps. Rome: Food and Agriculture Organization of the 
United Nations.

Ivy-Ochs S, Kerschner H, Maisch M et al. (2009) Latest Pleisto-
cene and Holocene glacier variations in the European Alps. 
Quaternary Science Reviews 28(21–22): 2137–2149.

Joerin UE, Nicolussi K, Fischer A et al. (2008) Holocene opti-
mum events inferred from subglacial sediments at Tschierva 
Glacier, Eastern Swiss Alps. Quaternary Science Reviews 27: 
337–350.

Knyazev AV, Savinetsky AB and Gei NA (1992) History of North 
Osetia vegetation during the Holocene. In: Dinesman LG 
(ed.) Historical Ecology of Wild and Domestic Ungulates. 
Moscow: Nauka Press, pp.84–108 (in Russian).

Kuznetsov VA (1993) Alan-osetian Studies. Vladikavkaz: Izdatel-
stvo Severo-Osetinskogo instituta gumanitarnyh issledovaniy 
(in Russian).

Kvavadze EV and Efremov YV (1996) Palynological studies of 
lake and lake-swamp sediments of the Holocene in the high 
mountains of Arkhyz (Western Caucasus). Acta palaeobo-
tanica 36: 107–120.

Larocca LJ and Axford Y (2021) Glaciers and ice caps through 
the Holocene: A pan–Arctic synthesis of lake–based recon-
structions. Climate of the Past Discussions [preprint]. DOI: 
10.5194/cp-2021-95. In review.

Larocca LJ, Axford Y, Woodroffe SA et al. (2020) Holocene gla-
cier and ice cap fluctuations in southwest Greenland inferred 
from two lake records. Quaternary Science Reviews 246: 
106529.

Le Roy M, Nicolussi K, Deline P et al. (2015) Calendar-dated 
glacier variations in the western European Alps during the 
Neoglacial: The Mer de Glace record, Mont Blanc massif. 
Quaternary Science Reviews 108: 1–22.

Leemann A and Niessen F (1994) Holocene glacial activity 
and climatic variations in the Swiss Alps: Reconstructing 



480 The Holocene 32(5)

a continuous record from proglacial lake sediments. The 
Holocene 4(3): 259–268.

Luckman BH, Sperling BJR and Osborn GD (2020) The Holo-
cene history of the Columbia Icefield, Canada. Quaternary 
Science Reviews 242: 106436.

Matthews JA (1980) Some problems and implications of 14C dates 
from a podzol buried beneath an end moraine at Haugabreen, 
southern Norway. Geografiska Annaler 62A: 185–208.

Menounos B, Osborn G, Clague JJ et al. (2009) Latest Pleistocene 
and Holocene glacier fluctuations in western Canada. Quater-
nary Science Reviews 28(21–22): 2049–2074.

Mikhalenko VN, Kutuzov SS, Lavrentiev II et al. (2020) Elbrus 
Glaciers and Climate. Moscow, St. Petersburg: Nestor-Isto-
riya (in Russian).

Miller GH, Landvik JY, Lehman SJ et al. (2017) Episodic Neo-
glacial snowline descent and glacier expansion on Svalbard 
reconstructed from the 14C ages of ice-entombed plants. Qua-
ternary Science Reviews 155: 67–78.

Nesje A (2009) Latest Pleistocene and Holocene alpine glacier 
fluctuations in Scandinavia. Quaternary Science Reviews 
28(21–22): 2119–2136.

Nicolussi K, Jörin U, Kaiser KF et al. (2006) Precisely dated gla-
cier fluctuations in the Alps over the last four millennia. In: 
Price MF (ed.) Global Change in Mountain Regions. Dun-
cow, Scotland: Sapiens Publishing, pp.59–60.

Nicolussi K and Patzelt G (2000) Discovery of early-Holocene 
wood and peat on the forefield of the Pasterze Glacier, East-
ern Alps, Austria. Holocene 10(2): 191–199.

Nicolussi K and Schlüchter C (2012) The 8.2 ka event-calendar-
dated glacier response in the Alps. Geology 40: 819–822.

Reimer P, Austin WEN, Bard E et al. (2020) The IntCal20 North-
ern Hemisphere radiocarbon age calibration curve (0-55 cal 
kB). Radiocarbon 62(4): 725–757.

Reyes AV and Clague JJ (2004) Stratigraphic evidence for mul-
tiple Holocene advances of Lillooet Glacier, southern Coast 
mountains, British Columbia. Canadian Journal of Earth Sci-
ences 41(8): 903–918.

Reyes AV, Wiles GC, Smith DJ et al. (2006) Expansion of alpine 
glaciers in Pacific North America in the first millennium AD. 
Geology 34: 57–60.

Rogozhin EA (2010) Reconstruction of the long-term seismic 
regime using paleoseismological data. In: Laverov NP (ed.) 
Extremal Natural Phenomena and Catastrophes. V.1. Mos-
cow: IFZ RAN, pp.44–64 (in Russian).

Röthlisberger F and Geyh M (1985) Gletscherschwankungen 
der letzten 10,000 Jahre, ein Vergleich zwischen Nord-und 
Südhemisph€are (Alpen, Himalaya, Alaska, Sudamerika). 
Aarau: Verlag Sauerlander.

Röthlisberger F, Haas P, Holzhauser H et al. (1980) Holocene cli-
matic fluctuations — radiocarbon dating of fossil soils (fAh) 
and woods from moraines and glaciers in the Alps. Geograph-
ica Helvetica 35: 21–52.

Schimmelpfennig I, Schaefer JM, Akçar N et al. (2014) A chro-
nology of Holocene and Little Ice Age glacier culminations of 
the Steingletscher, Central Alps, Switzerland, based on high-
sensitivity beryllium-10 moraine dating. Earth and Planetary 
Science Letters 393: 220–230.

Seinova IB and Zolotarev EV (2001) Glaciers and Debris Flows of 
Vicinity of the Mt. Elbrus. Moscow: Nauchniy mir (in Russian).

Serebryanny LR, Golodkovskaya NA, Orlov AV et al. (1984) 
Glacier Variations and Moraine Accumulation: Processes in 
Central Caucasus. Moscow: Nauka (in Russian).

Shean D, Alexandrov O, Moratto Z et al. (2016) An automated, 
open-source pipeline for mass production of digital elevation 
models (DEMs) from very-high-resolution commercial ste-
reo satellite imagery. ISPRS Journal of Photogrammetry and 
Remote Sensing 116: 101–117.

Shishov LL, Komov NV, Rodin AZ et al. (2001) Soil Cover and 
Land Resources of the Russian Federation. Moscow: V.V. 
Dokuchaev Soil Science Institute (in Russian).

Shishov LL, Tonkonogov VD, Lebedeva II et al. (2004) Classi-
fication and Diagnostics of Soils of Russia. Smolensk: Oiku-
mena (in Russian).

Solomina O, Bradley R, Hodgson D et al. (2015) Holocene gla-
cier fluctuations. Quaternary Science Reviews 111: 9–34.

Solomina O, Bushueva I, Dolgova E et al. (2016) Glacier varia-
tions in the Northern Caucasus compared to climatic recon-
structions over the past millennium. Global and Planetary 
Change 140: 28–58.

Solomina O, Jomelli V, Braucher R et al. (2019) First absolute 
dating chronology of glaciers variations in the Northern Cau-
casus. In: INQUA congress, Dublin, Ireland, 25–31 July 2019. 
Dublin: INQUA.

Solomina ON, Bushueva IS, Volodicheva NA et al. (2021) Age of 
moraines of the Greater Azau Glacier in the upper part of the 
Baksan River valley according to dendrochronological data. 
Ice and Snow 2(61): 271–290 (in Russian).

Solomina ON, Kalugin IA, Alexandrin MY et al. (2013a) Drill-
ing of sediments of Karakel lake (Teberda valley) and per-
spectives of the Holocene reconstruction of glacier and 
climate history in Caucasus. Ice and Snow 2(122): 102–111 
(in Russian).

Solomina ON, Kalugin IA, Darin AV et al. (2014) The implemen-
tation of geochemical and palynological analyses of the sedi-
ment core of Karakyol for reconstructions of climatic changes 
in the valley of Teberda river (Northern Caucasus) during 
the Late-Holocene: Possibilities and limitations. Geography 
Questions 137: 234–266 (in Russian).

Solomina ON, Volodicheva NA, Volodicheva NN et al. (2013b) 
Dynamics of nival and glacial slope processes in the Baksan 
and Teberda valley according to the radiocarbon dating of 
buried soils. Ice and Snow 2(122): 118–126 (in Russian).

Tielidze LG, Solomina ON, Jomelli V et al.; ASTER Team (2020) 
Change of Chalaati Glacier (Georgian Caucasus) since the 
Little Ice Age based on dendrochronological and Beryl-
lium-10 data. Ice and Snow 3(60): 453–470.

Turmanina VI (1988) Climate change estimation using phytoin-
dication. In: Borisenkov EP (ed) Climate Fluctuations in the 
Past Millennium. Leningrad: Gidrometeoizdat, pp.144–145 
(in Russian).

Tushinsky GK (1958) Glaciological studies on the Elbrus. Infor-
mational Collection on the Studies of the International Geo-
physical Year 1: 3–28 (in Russian).

Tushinsky GK (1964) Arkhyz break in glaciation and avalanche 
activity in the Caucasus in the first millenim CE. Informa-
tional Collection on the Studies of the International Geophys-
ical Year 10: 96–101 (in Russian).

Tushinsky GK (1968) Glaciation of the Elbrus. Moscow: MGU 
Press (in Russian).

Van Dijk E, Jungclaus J, Lorenz S et al. (2021) Was there a 
volcanic induced long lasting cooling over the Northern 
Hemisphere in the mid 6th–7th century? Climate of the 
Past Discussions [preprint]. DOI: 10.5194/cp-2021-49. In 
review.

Volodicheva NA (2013) Glaciogeomorphological monitoring 
of the Azau glacial complex (southern slope of Elbrus). In: 
International scientific conference “Natural risks: analysis, 
assessment, mapping”, Moscow, Russia, 22–23 May 2013, 
pp.66–74. Moscow: MSU press.

Volodicheva NA and Voitkovskiy KF (2004) Evolution of Elbrus 
glacial system. In: Konischev VI and Saf’yanov GA (eds) 
Geography, Society and Environment Structure, Dynamics 
and Evolution of Natural Geosystems. Moscow: Gorodets, 
pp.44–50 (in Russian).



Solomina et al. 481

Von Déchy M (1905) Kaukasus Reisen und Forschungen im 
kaukasischen Hochgebirge, Bänd 1-2. Moscow-Berlin: D. 
Reimer (E. Vohsen) (in German).

Wiles G, D’Arrigo R, Villalba R et al. (2004) Century-scale solar 
variability and Alaskan temperature change over the past mil-
lennium. Geophysical Research Letters 31: L15203.

Wiles GC, Jacoby GC, Davi NK et al. (2002) Late-Holocene gla-
cial fluctuations in the Wrangell Mountains, Alaska. Geologi-
cal Society of America Bulletin 114: 896–908.

Young NE, Briner JP and Kaufman DS (2009) Late Pleistocene 
and Holocene glaciation of the Fish Lake valley, northeast-
ern Alaska Range, Alaska. Journal of Quaternary Science 24: 
677–689.

Zolotarev EA (2009) Evolution of Elbrus Glaciation. Moscow: 
Nauchniy mir (in Russian).

Zolotarev EA and Seinova IB (1983) On the spatial position and 
fluctuations of the Greater Azau glacier in recent centuries. 
Materials of Glaciological Research 46: 156–163 (in Russian).


