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9 Abstract
10 Carbonate rhizoliths and related features are environmental and ecological

11  indicators of not only palaeosols, but also modern soils. They designate subaerial
12 vadose and pedogenic diagenesis environments. Rhizoliths are commonly used as a
13 tool for paleoenvironmental reconstructions, but uncertainty remains regarding their
14  formation mechanisms. Field characteristics of the dune rhizoliths in the Badain Jaran
15  Desert, NW China were analyzed to investigate formation mechanisms and interpret
16  paleoenvironmental significance. Systematic field sampling and intensive
17 examination showed that the tube-like rhizoliths without morphological structures of
18  plant roots have been placed at the dune soil surface following erosion and weathering
19  but the underground rhizoliths are still connected to the dead Artemisia roots.
20  Rhizoliths occurred only along the windward, long gentle slopes of mega-dunes. Their
21  distribution patterns of both types in connection with plant distribution and landscapes
22 have been studied. Their petrological and mineralogical characters were performed in
23 detail using microscopic and spectroscopic techniques (cathodoluminescence,
24 scanning electronic microscopy and energy dispersive X-ray spectroscopy) in
25  laboratory. Altogether, field and laboratory analyses showed that rhizolith cement is

26  calcium carbonate and despite the high porosity of soil and high aridness of climate,
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soil moisture plays an important role in sustaining Artemisia growth and rhizolith
formation. Desert rhizoliths can therefore be used as a proxy to infer local soil
moisture and plant communities. Moreover, as soil moisture content is related to
climate and landscape position, rhizoliths could indirectly be indicators of

aboveground environmental conditions, e.g. annual precipitation or humidity.

Keywords

Rhizoliths; Dune soil; Deflation and weathering; Formation factors; Soil environment

1. Introduction

Rhizolith, an umbrella term, has been used widely and includes many sub-terms,
such as root tubules, root casts, root moulds, rhizocretions, root petrifactions,
rhizolites, rhizomorphs, hypocoatings, rhizohalo, calcified root cells, and
Microcodium (e.g. Klappa, 1980; Kosir, 2004; Kraus and Hasiotis, 2006; Barta, 2011).
All these sub-terms are somewhat defined by the morphological features associated
with their strata, sediments, or soils where they were persevered. Hence,
morphological features of rhizoliths provide important evidence for rhizolith research.
The cementing minerals of rhizoliths can be carbonate, silica, clay, jarosite and
rhodochrosite-siderite (e.g., Kraus and Hasiotis, 2006; Owen et al., 2008; Bojanowski
et al., 2016). Carbonate is the most common one among them (e.g. Sun et al., 2019a).
Carbonate rhizoliths occur frequently in Quaternary terrestrial aeolianites of coastal
regions (e.g., Klappa, 1980), dunes (e.g., Cramer and Hawkins, 2009; Golubtsov et al.,
2019), loess-palaeosol sequences (e.g. Wang et al., 2004; Gocke et al., 2010, 2011,
2014; Barta, 2011; Huguet et al., 2012, 2013.), eolian rocks and eolian sand bodies

(e.g. Loope, 1988), as well as lake margins (e.g., Owen et al., 2008; Sun et al., 2019a).
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The texture and composition of Quaternary calcareous dune soils and the climatic
settings in desert especially provide optimal conditions for the development of
rhizoliths (e.g., Loope, 1988; Golubtsov et al., 2019), which are abundant and of large
size in such environments (e.g., Klappa, 1980; Rao and Thamban, 1997,
Alonso-Zarza et al., 2008; Roberts et al., 2008; Cramer and Hawkins, 2009).

Rhizolith architecture and geometry is highly dependent on root type as well as
diagenetic and pedogenic parameters. Even though most rhizoliths do not retain the
morphological structures of their source plants (Sarjeant, 1975), they can still be used
to make some qualitative and quantitative inferences about the densities, sizes and
types of former vegetation ecosystem (Pfefferkorn and Fuchs, 1991; Rinehart et al.,
2015). Moreover, rhizoliths and the related features are also indicators of paleosols
and hence of subaerial vadose environments in ancient successions and are widely
used as a tool for paleoenvironmental reconstructions (e.g., Klappa, 1980; Golubtsov
et al., 2019; Nascimento et al, 2019; Sun et al., 2019a). Yet, the paleoecological and
paleoenvironmental studies based on rhizoliths often came across difficulties in
interpretation of “C ages and the stable isotope composition of carbonate cement
(Sun et al., 2019). This is mostly due to the inclusion of lithogenic carbonates from
the enclosing deposits and recrystallization of deposited carbonates as rhizolith
cement (e.g. Gocke et al., 2011; Sun et al.,, 2019b; Golubtsov et al., 2019).
Furthermore, the formation mechanisms of rhizoliths in sedimentary environment,
especially deserts, still remain highly uncertain (Sun et al., 2019a).

Carbonate rhizoliths (Sun et al., 2019b) or carbonate root tubes (Li et al., 2017)
have been previously investigated in the dunes of the deserts of the Alashan Plateau,
especially in the Badain Jaran Desert, Northwest China, (Gao et al., 1993; Yang, 2000;

Yang et al., 2003; Chen et al., 2004; Li et al., 2015a, b; Li et al., 2017; Zhu et al., 2019;
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Sun et al., 2019b). However, it is still unclear whether the rhizolith records can be
effectively used to reconstruct the paleovegetation. Much remains unknown about the
impact of fossilization processes, even though these may introduce biases into
palaeobiological interpretations. Systemic studies of rhizolith features are still scarce
and rudimentary in this area (Li et al., 2017; Sun et al., 2019b), despite usually large
numbers of rhizoliths can be found, especially, on a vast area, which provides good
data for rhizoliths study. Most importantly and firstly, rhizoliths study relies on the
field description of fossil morphologies to understand the evolutionary history of plant
and the fossilization mechanism. Fossil morphologies under field conditions remain
poorly understood. Therefore, this project focuses on the intensive analyzing
topographical distributions and architectural patterns of rhizoliths in the field. We
further examined the macro- and micromorphological characteristics of the cementing
minerals of the collected rhizoliths from the desert in laboratory. Altogether, these
characterizations aim to achieve a better understanding of rhizoliths formation
mechanisms and help in ascertaining the paleoenvironmental interpretations (Li et al.,
2015a, b; Li et al., 2017 ; Zhu et al., 2019) and **C dating previously made by using

these objects (Sun et al., 2019b) .

2. Geographical setting of Badain Jaran Desert

The Badain Jaran Desert (39°04'15"N to 42°12"23"N, 99°23'18"E to 104°34'02"E)
is located in northwestern China (Fig. 1). This desert comprises the tallest mega-dunes
in the world, with interdunal lakes frequently occurring between the dunes. The
mega-dunes are especially dense and high in the southeastern part, where they can
reach up to 500 m a.s.l (Wang et al., 2005; Zhu et al., 2010; Yang et al., 2011; Wang et

al., 2015).
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This desert is an arid desert climate according to the Képpen climate classification
(Kottek et al., 2006). The annual precipitation is currently 40-120 mm, falling mainly
in summer, and the annual potential evaporation is over 2500 mm. The conventional
precipitation (below 5 mm) accounts for approximately 90% of rainfall events (Wang
et al., 2013). The mean annual air temperature ranges between 9.8 and 10.2°C. The
prevailing cold-arid winter wind direction is northwest and the strongest winds occur
in spring and the mean annual wind speed ranges between 2.8 and 4.6 m/s (Fig. 1,
Dong et al., 2004; Hu et al., 2015; Zhang et al., 2017).

The vegetation of this desert is dominated by shrubs and subshrubs, including
Haloxylon, Nitraria, Tamarix, and Reaumuria species (Wang et al., 2015a). Perennial
woody Artemisia scoparia and herbaceous Psammochloa villosa and Phragmites
australis grow on the mega-dunes due to the existence of moist sand layers.

The grain size of surface sand layers is dominated by well-sorted, rounded,
pinky-grey, middle to fine sand, containing only a slight amount of melanocratic
minerals (such as hornblende, pyroxene and magnetite), with carbonates minerals
being less abundant in the silicate desert sands (Gates et al., 2008; Bai, 2011). The
average carbonate content in soils was reported as 4.6 % by Wang et al. (2004) and
6.5 % by Sun et al. (2019b). The thickness of the upper dry soil of the mega-dune is
only about 20 cm, with a conspicuous moist soil under it. The water content (by
weight) is usually 1-5% between 0.2-1.5 m depths (Gu et al., 2004; Zhao et al., 2011;
Wang et al., 2019) and is up to 10% at 90 cm depth with well-preserved sand bedding
(Liu et al., 2016). At 2.0-8.3 m depth, water contents vary between 2-5.0% (Zhao et
al., 2011). The high moisture is in low-lying and flat land, which is benefited from the
precipitation infiltration (Zhao et al., 2011).

Mega-dunes feature that small transverse dunes superimposed on the larger
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transverse dunes can be classified into three hierarchical orders (Fig. 2, Dong et al.,
2009). Order Il corresponds to an erosion belt, next to the shore of lakes; Order Il is a
belt of both erosion and deposition above Order I1l; and Order | is a deposition belt.
Order 11l and Il are situated on the windward gentle slopes and Order | dunes

correspond to the leeward slopes (slipface), which are steep and even.
3. Field survey, examination and sampling

Owing to the vast sand sea area, poor accessibility and the dominance of an
extremely arid climate, field explorations are only conducted in zones located in the
southeastern part next to the desert margin (Fig. 1). Along the exploration route of
about 400 km in the hinterland of the desert, rhizoliths were only found at four sites
(Fig. 1, red points A-D), which form a profile from the central part to the margin of
the desert (Sites A-B-C-D, Fig. 1). Detailed survey and examinations of landscape,
vegetation, modern root, sediment/soil, rhizolith exposure and morphology were
carried out around the four sites. At each site the most representative samples of
carbonate rhizoliths and their typical features were intensively described and
photographed. Typical rhizoliths were delicately handled for field photographing and

transported to the laboratory.

4. Laboratory analyses

Eight rhizolith samples (two from each site) were analyzed in the laboratory. The
applied analytical methods were microscopy, cathodoluminescence, staining,
scanning electronic microscopy - energy dispersive X-ray spectroscopy, which are all
performed at the Institute of Northwest Petroleum Geology, Lanzhou, China. Zeiss
Scope A1l microscope was used to examine mineral crystal morphology. A staining

method (a mixture of Alizarin red S and potassium ferricyanide) was used to analyze
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the carbonate minerals in the cement under the microscope (Dickson 1965, 1966);
CITL CL8200 MKS5 cathodoluminescence (CL) instrument was used to investigate the
luminescence color of cement. The micro-scale morphology and chemical
compositions of the rhizolith cement were determined by scanning electron
microscopy (SEM; FEI Quanta 450) coupled with Energy dispersive X-ray
spectroscopy (EDS). Each rhizolith specimen was first impregnated with and without
resin cover respectively, cut and polished to 4.8 cmx2.8 cm slices made from
transverse sections, and then described by polarizing microscopy and
cathodoluminescence. Fragments of the rhizoliths were gold coated, and then analyzed

by SEM coupled with EDS.

5. Results

5.1. Field features of rhizoliths

5.1.1 Geomorphological distributions of rhizolith outcrops

In Site A (Sumujilin Lake, 39°48’N, 102°26’E), the rhizolith outcrops were
found at the foot of the windward gentle slope of the mega-dune, located east of the
Sumujilin Lake (Fig. 3a). This site is on the eroded area of Order Ill, which is flatter
than the upper zone along the windward slope (Figs. 2a; 3a).

In Site B (Nuoertu Lake, 39°46°N, 102°27°E), rhizolith outcrops were found
along the upper gentle slope (Order I1) of the mega-dune on the east side of the
Nuoertu Lake (Fig. 4a).

In Site C (Baoritaolegai Lakes, 39°35°N, 102°28’E), rhizoliths occur along the
whole windward gentle slope (Order Il1,11) of a mega-dune, south of Baoritaolegai
Lake(Fig. 5a).

Site D (39°27°N, 102°26°E) is near to (6 km to the east) the Gate of the Badain
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Jaran Desert National Geological Park, which is located at the southern-eastern
margin of the desert, where small low dunes dominate (Figs. 1; 6a). Rhizolith
outcrops occur within the swales between the dunes. In addition to Psammochloa,
Artemisia is the dominant vegetation in the area, usually growing in the gentle
windward slopes of the swales (Fig.6a).

5.1.2 Field characteristics of rhizolith specimen

In Site A, rhizolith fragments are eroded out of the sand, together with caliche
fragments (sand soil cemented by carbonates) (Fig. 3b). This slope of the mega-dune
covered by fragments of the rhizolith and caliche is purple-brown, obviously different
from the beige color of the above dune sand along the whole slope (Fig. 3a). The
fragments of typical rhizoliths are hard and varnished brightly. Their centers are
tubular cavities (Fig. 3c). Except sparse Psammochloa villosa, no other vegetation
grows in the area of the rhizolith outcrops.

In Site B, at low altitude, rhizoliths occurred mostly as enormous coarse brown
fragments, similar to Site A. At high altitude, the rhizolith tubes are long and white,
branchy or separated (Fig. 4b) in some places. Relicts of fine root hairs were observed.
(Fig. 4c).

In Site C, besides usual fragments of straight short tubes, thin tubes with many
lateral fine root hairs and thick tubes with hemp rope-like striations were found (Fig.
5b). Primary rhizoliths were found under semi-arid/moist sandy soil (depth ~ 10 cm)
at locations where Artemisia was rooted. They are softer and thicker than those eroded
out of soil (Fig. 5¢). The eroded-out tubes were constituted of either double cemented
layers or often a singular layer (Fig. 5d). In addition, the walls of the rhizoliths
containing plant relicts were thicker than those without root relicts (Fig. 5e).

In Site D (39°27°N, 102°26°E), rhizolith fragments are present on the sand
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surface (Fig. 6b) and a few of them are in situ vertically within the sand (Fig. 6b). The
vertical rhizoliths below ground correspond to pristine rhizoliths, without any signs of
erosion and insolation, and are much thicker than those found aboveground (Fig. 6c).
Once broken, the root remains within the tubes of the pristine rhizoliths appear as

surrounded by white haloes of cement (Fig. 6d).
5.2. Laboratory results

Two rhizoliths from each site were chosen randomly for laboratory analyses.
Staining and cathodoluminescence analyses confirmed that the cementing minerals of
the rhizoliths are carbonate, and the clastic particles are quartz and feldspars (Fig. 7a,
b). Cathodoluminescence observations indicated that calcium ions for carbonate
cement should come from the chemical weathering of feldspars (Fig. 7b). SEM and
EDS analyses showed that the carbonate cement was mainly calcite and
low-magnesium calcite, with only a slight amount of NaCl (Figs. 7c, d). The bulk
characteristics of the rhizoliths from the four sites were generally similar, with

carbonate minerals being the cement of hard rhizoliths formed in the dune sands.

6. Discussion

6.1. Classification and environmental implications of rhizoliths

The rhizoliths from the four investigated sites were classified as tubules, or tubes
(Li et al., 2015a, b) based on their field features. Only a few of dead root remains
were found in the tubes, which indicate no root petrification or body fossilization took
place through diagenesis. The central voids were occasionally filled with loose
aeolian sand after weathering. Hypocoating occurred through pedogenesis forming

secondary carbonates as hard tube walls, as confirmed by SEM-EDS analyses (calcite
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and low-Mg calcite being predominant; Fig. 7d).

According to the rhizoliths formation locations, two types of rhizoliths, present in
different zones of the soil, were observed: (i) primary ones and (ii)
eroded-out-weathered ones. Primary rhizoliths are in situ in the soil, which allowed
the preservation of their primary state - vertical but also rarely horizontal, soft and
thick (Figs. 5c; 6b, ¢, d). In contrast, the eroded-out-weathered rhizoliths were
apparent out of the soil, weathered and eroded at the surface, being hard and thin. This
indicates that strong wind deflation eroded the surface soil around the sampling site,
likely removing former luxurious vegetation.

The eroded-out-weathered rhizoliths were further sub-classified into two types
based on their field features: (i) those with brown-grey colors, hard and varnished
(Figs. 3c; 5d); (ii) those with white-grey colors, fragile, and presenting fissures (Figs.
4b, c; 5e; 6b). The two subtypes of rhizoliths were formed and subjected to diagenesis
in the same type of environment (mega-dunes) and share similar mineralogical
characteristics based on SEM-EDS analyses. Nevertheless, the varnish observed on
the first subtype of rhizoliths, hard in nature, indicates that they were formed earlier
than the second, more fragile subtype. Indeed varnish formation takes a long time,
with a stable geomorphic surface subjected to sunlight radiation (Watchman, 2000;
Liu & Broecker, 2000, 2007; Xu et al., 2019). Of course, varnish might also depend
on the type and mineralogy of the sediment and oxidation conditions. The laboratory
results confirmed that all rhizoliths are constituted of calcium carbonate. Therefore,
the first subtype of rhizoliths were eroded and weathered for a longer time than the
second one, consistent with geomorphological processes, i.e. the fact that hard,
varnished rhizoliths occurred predominantly in Order 11 belts.

These different features suggest that the rhizoliths were first formed at shallow

10
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soil depth and later eroded out, with concomitant or subsequent modification of the
root structure. The double layer walls (Fig. 5d) and the relicts (Figs. 5c,e) of the
former roots further suggest that rhizoliths were likely formed around Artemisia spp.
based on comparison with the characteristics of modern desert Artemisia spp. roots (cf.

section 6.3).
6.2. Rhizolith distribution pattern

In the inner parts (Site A, B, C, Fig. 1) of the desert, rhizolith outcrops occur only
in the windward gentle slopes of mega-dunes (Figs. 3a; 4a; 5a), on Orders Il and Ill
belts as the main outcrop areas. On Order | belts, rhizoliths were not found in the
leeward slopes of the mega-dunes, which are steep and subjected to higher
sedimentation rates than the windward slopes, with vegetation being quickly buried.
Therefore, slipping sands in the leeward slopes do not provide a stable soil
environment for vegetation and thus rhizolith formation.

In the southeastern margin of the desert (Fig. 1), rhizolith outcrops also occur, but
only in the low dune areas and in the windward slopes of the swales where erosion
takes place (Fig. 6a). No vegetation and rhizoliths were also observed in the leeward
slopes.

Therefore, wind deflation and landforms are key parameters influencing the
formation of rhizolith outcrops in the desert. The outcrops occur only in the windward
slopes of dunes or in the swale beds and depressions, where deflation and erosion are
transporting surface soil away, resulting in the exposure of the buried rhizoliths at the

surface.
6.3. Vegetation

Rhizolith outcrops generally occur in the same area as living/dead Artemisia

bushes rather than any other plants, or alternatively in bare zones without any plants.

11
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The morphologies of the rhizoliths and their texture as well as their surface and inner
structures (Figs. 4b, c; 5b, c, e) are identical or similar to those of modern living
Artemisia roots, which are woody roots with cortex, stele, xylem but without a central
hollow. Other kinds of vegetation such as Psammochloa and Phragmites also grow at
or near the sampling sites, but the latter have herbaceous roots with a central hollow,
in contrast with the collected rhizoliths.

The present results suggest that the decomposition of the dead Artemisia roots
have triggered the rhizolith formation, where carbonate crystallization took place.
Artemisia root decay or rhizosphere fungi may have provided oxalic acid and calcium
oxalate crystals, with the microbial transformation of oxalate into carbonates leading
to an increase in soil pH (Verrecchia et al., 2006; Dupraz et al., 2009; Huang et al.,
2015). Alternatively, Artemisia dead roots might have provided a stable channel for

continuously evaporation from the subsoil and so, calcification along the roots.
6.4. Soil and related environmental conditions

The field investigation suggested that soil moisture and the high porosity of
sand provided the water and air required to sustain plant live and rhizolith formation,
with in turn redox conditions favoring slow root decomposition and yielding enough
CO, gas for HCOg3™ production.

Plants are growing in the dunes, which should not be considered as classical
soils, but rather as aeolian sediments as defined in sedimentology and petrology.
During their formation, the desert sediments are strongly affected by deflation due to
their light texture and low density. The high dust accumulation rates do not let enough
time for complete soil development (Sycheva, 2006). Consequently, quick denudation,
erosion and deposition in the mega-dunes of the Badain Jaran desert prevent soil

formation in this area.

12
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The surface soils of the desert are aeolian loose sands with high porosity.
Normally, below ca. 20-40 cm depth, the soils are wet (water content ~10%) (Wen et
al., 2014; Wang et al., 2015a; Liu et al., 2016). Unfortunately, no systematic soil
moisture measurement was performed in the desert, as it is too vast. Nevertheless,
previous studies (Wen et al., 2014; Wang et al., 2015b; Liu et al., 2016) confirmed
that the soil moisture in some swales and depressions is sufficient to allow Artemisia
growth and rhizolith formation in windward slopes. It should be noted that soil
moisture of the lower swales and depressions was likely higher than in the higher
dunes based on vegetation distribution. The origin of soil and lake water remains
controversial, whether from precipitation, condensation of atmospheric water, or
groundwater (Ma & Edmunds., 2006; Wen et al., 2014; Jiao et al, 2015; Zhang et al.,
2017; Yue et al., 2019).

Vegetation often grows in small patches or bands which are defined by the dune
landforms. The regional landscape is characterized by mobile dunes and interdune
lowlands. Stable and semi-stable eolian sandy soils are the dominant form. Previous
results suggested that the effect of soil factors on vegetation characteristics was
relatively weak and it is not possible to determine whether climate (e.g., the
precipitation or temperature during the growing season) or geomorphology (e.g.,
parent materials) controls the vegetation communities in the desert (Wang et al.,
2015b).

6.5. Climate

Modern climate of the desert is characterized by very low precipitation and
high evaporation with strong northwestern wind. Comparatively, the sub-landscapes
(mega-dunes), soil and vegetation on the vast desert are similar and even; but, the

rhizolith outcrops are not evenly distributed everywhere in the desert. This shows that

13
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local factors play a crucial role in rhizolith formation under arid climate. Rhizoliths
are formed in loess sequences, under a more humid climate (e.g. Gocke et al., 2010)
than in deserts, but also in the waterlogged soils of lake environments (Sun et al.,
2019a). That implies that rhizoliths do not need specific aboveground climatic
conditions. In the Badain Jaran Desert, the arid climate and intensive evaporation may
favor carbonate precipitation and crystallization around dead roots in the highly
porous sandy soils. This would explain the vast amount of rhizolith outcrops observed

in the desert dunes.

6.6. Diagenesis and pedogenesis of rhizoliths in the sand-sedimentary

environment

The above mentioned field features of rhizoliths from the Badain Jaran desert
suggest that they were formed through diagenesis and pedogenesis in loose
windblown sand sediments, at shallow depth and with open redox environmental
conditions. The root relicts or hollows within the rhizoliths (Figs. 4c; 5b, c, e; 6d)
indicate that the deceased roots served as an organic nucleus for carbonate
precipitation within the rhizosphere, leading to the preservation of the root structure.

Based on the theory proposed by Dupraz et al. (2009), it can postulated that the
organic carbon of the deceased roots was oxidized under optimal oxygen and soil
moisture (i.e. weak redox) conditions at suitable depths, leading to the production of
CO; used for CaCO; formation. Free Ca®* ions could be derived from authigenic
carbonates after in situ chemical weathering of soil primary silicate minerals such as
feldspar, mica, amphibole and pyroxene (Dupraz, et al., 2005; Liu et al., 2011; Jin et
al., 2015) due to low pH caused by organic matter decomposition and
force-of-crystallization (Durand et al., 2010; Monger, 2014) and from the dissolution

of in situ primary lithogenic carbonate rocks debris such as limestone and dolomite
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(Sun et al., 2019b). The presence of free Ca** and local alkaline conditions through
seasonal upwelling of alkaline water followed by evaporation (Arp et al., 2003) could
lead to the nucleation of calcium carbonate on the root organic matrix (Arp et al.,
19994, b). The initiation of this process depends on the initial chemical composition
of the root organic matter, as some organic functional groups have a high metal
binding potential, inhibiting calcium carbonate mineral formation, whereas some
others are more prompt to biotic and abiotic degradation, favoring calcium carbonate
precipitation (Dupraz and Visscher, 2005).

Previous studies in the desert suggested that rhizoliths could be used as an
indicator of precipitation intensity (Gao et al., 1993; Yang, 2000; Yang et al., 2003;
Chen et al., 2004; Li et al., 2015a, b; Li et al., 2017; Zhu et al., 2019). Therefore, this
work combined with previous research (Sun et al., 2019b) confirmed that such
application is still uncertain. Rhizolith formation is strongly dependent on local
conditions. Rhizolith formation is not a single function of climate but rather multiple
environmental factors, e.g., geomorphology of dunefields, vegetation type, strength of
pedogenesis, and existence of diagenesis. They could only be used as a local proxy of
soil moisture and vegetation coverage, but cannot be applied to reconstruct past

environmental conditions in such vast areas.

7. Conclusions and outlook

The formation mechanisms of rhizolith in desert remain poorly investigated,
despite the large abundance of these objects in such settings and their importance for
paleoenvironmental reconstructions. This study combined field and laboratory
observations to better characterize the different types of rhizoliths in the Badain Jaran

desert and constrain their formation conditions. Primary rhizoliths were shown to be
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formed underground in soil of Badain Jaran desert before being brought out at the
surface of the dunes where they are deflated and weathered due to the loose nature of
the sandy soil and strong winds. Most of the rhizoliths presented a tube shape and
occurred only in some parts of the desert, along the windward gentle slopes of
mega-dunes. In contrast, the environmental conditions along the leeward steep slopes
of the mega-dunes do not favor rhizoliths formation. Rhizoliths were formed only
around dead roots of Artemisia. Rhizoliths and Artemisia bushes were indeed found to
systematically co-exist in the swales and depressions between sub-dunes. Soil
moisture plays an important role in Artemisia growth as well as rhizolith formation,
taking into account the high porosity of sand soil and aridness of the climate. The
results of the present study suggest that rhizoliths can only be used as a proxy for
local soil moisture and vegetation cover, but are not able to indicate climate
conditions directly above ground in a vast area, although the desert climate and the
windward gentle slopes of mega-dunes are homogeneous or similar.

Further work is required to better understand the formation mechanism of the
rhizoliths in deserts, taking into account the interrelations between vegetation type,

environmental and climatic parameters.
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Figures and Captions

A e e e
Fig. 1 Exploration route and sample sites in Badain Jaran Desert. Megadunes—ridges; Lakes—
black dots; Exploration route—red dashed line; Sampling sites—A,B,C,D. A-Sumujilin Lake;
B-Nuoertu Lake; C-Baoritaolegai Lakes; D-The Gate of National Geological Park of Badain Jaran
Desert.

Order 111

Fig.2 Conceptual typical (a, Dong et al., 2009) and field real (b) hierarchical orders in a
compound megadune-lake system.

Fig. 3. Rhizoliths of Sumujinlin Lake. a-Rhizolith outcrops on the southeast side of the lake.
b-Brown purple fragments of caliche and rhizoliths on the slope (the spade length is ~ 60 cm).
c-Typical hard varnished rhizoliths and thick caliche fragments (the diameter of the coin is
20mm).
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gem

Fig. 4. Rhizoihs of Nuoertu Lake.
b-White long branchy tubes of rhizoliths. c-Relicts of fine root hairs within a rhizolith tube.

a-Location of rhizolith outcrop, east side of Nuoertu Lake.

Fig.5. Rhizolith outcrops of Baoritaolegai Lakes. a-Location of rhizolith outcrops, south of
Baoritaolegai lakes. b-Small and thin rhizolith tubes with lateral fine hair-like tubes and thick
rhizolith tube with hemp rope-like striations. c-Loose sand particles are being cemented by
carbonate around the deceased Artemisia roots within wet sand (the length of the ruler in the
above photos is 20 cm). d-Double cemented layers (#1&2) and singular layer (#3&4) of the
rhizolith walls. e-Plant relicts within rhizolith tubes and different thickness of tube walls. #1-2
have thin walls without plant relicts. #3-4 have thick walls containing plant relicts (the coin

diameter in the above photos is 20 mm.).
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Fig. 6. Rhizoliths near to the Gate of National Geopark, Badain Jaran Desert. a-Rhizolith outcrops
occur within the swales between the low dunes. #1 swale bed is white for enormous weathered
fragments of rhizoliths and #2 swale bed is black due to pebbles from weathering of parent rocks
underlying. The black dots are mainly Artemisia bushes. Singular barchan dune, barchan dune
chains and erosional depressions can be observed at this site. b-Vertical rhizoliths and lying
fragments of rhizoliths (the length of the camera bag is 12 cm). c-Primary rhizoliths dug out of
soil in Fig b. d-Root relicts with central cavity and beige peripheral part of the primary rhizoliths.

Fig.7. Micro-texture and composition of rhizoliths. a-Microscopy image of rhizolith cross-sections
stained by Alizarin red S and potassium ferricyanide. The cement among particles was stained in
dark purple red whereas the particles were not stained and remained bright in color
(plane-polarized light, Baoritaolegai). b-Clastic particles and cement of rhizolith cross-section
under cathodoluminescence. The light blue and green grains are feldspars; the deep dark grains are
quartz. The small red orange dots are carbonates. Un-cathodoluminescene lighted cement may be
clay minerals distributed in carbonate minerals, or may be caused by addition of Fe?* and Mn?*
cations during the formation of the cement. In the bottom part of the picture, the dotted orange
loop-like halos may be calcite derived from weathered feldspar grains (plane-polarized light, The
Gate). c¢-SEM images of cement. d-EDS spectrum (of c) of the cement (The Gate).
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