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Abstract
At the Hailuogou glacial retreat chronosequence, a mature forest has surprisingly

fast developed in ∼120 yr, although the glacial debris is dominated by nutrient-poor

granite with a small contribution of carbonate minerals. In previous work, we hypoth-

esized that the fast vegetation development is synchronized with initial fast carbonate

weathering followed by slow silicate weathering. To test this hypothesis, we (a) char-

acterized the composition of the glacial debris to elucidate the sources of base cations

and (b) determined the base cation release kinetics from topsoils (0–10 cm) along

the chronosequence with a weathering experiment at a constant pH value (pHstat).

Besides granitic rocks, the glacial debris contained some meta-sedimentary and

meta-volcanic calc-silicate rocks, amphibolite, mica schist, and quartzite. Although

the total Ca concentration of the glacial debris was only about double that of Mg, K,

and Na, during the 1st day of the pHstat experiment, the released mass of Ca was >10

times higher than that of Mg and K, and even about 100 times higher than that of

Na. The size of the fast-reacting Ca-carbonate pool decreased quickly in the first

approximately 40 yr, after which a slow-reacting Ca-silicate pool matched the fast-

reacting pool with a size of 1.9 ± 0.6 g kg–1 Ca. In contrast, for Mg, K, and Na the

slow-reacting pool dominated from the beginning, suggesting that these elements

mainly originated from silicate weathering. Our findings support the view that the

well-synchronized interplay between carbonate and silicate weathering facilitated the

fast vegetation succession.

1 INTRODUCTION

Chronosequences and associated space-for-time substitutions
have been widely used to study the soil development and plant
succession across multiple time scales and many landscapes
(Bockheim, 1980; Huggett, 1998; Walker et al., 2010). The

Abbreviations: DI, deionized water; ECEC, effective cation-exchange
capacity; LOI, loss on ignition; MS, meta-sedimentary rock; MV,
meta-volcanic rock; PE, polyethylene.
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parent material determines the original element concentra-
tions of the evolved soils and directly influences the balance
between nutrient availability, loss, and retention (Anderson,
1988; Augusto et al., 2017; Eimil-Fraga et al., 2014; Jesse
Hahm et al., 2014). The weathering of parent materials
releases nutrients into the soil solution at variable rates,
depending on mineral properties, climatic conditions, topo-
graphic position, time, and biota (Harley & Gilkes, 2000;
Jenny, 1941; Wilson, 2004). Except for N which usually enters
the soil via microbial fixation from the atmosphere, mineral
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BASDEDIÓS ET AL. 1693

weathering releases all macronutrients (i.e., K, Ca, Mg, P, and
S) as well as trace elements which are necessary for plant
growth (Barker et al., 1997; Marschner, 2012; Tripler et al.,
2006; Vitousek & Sanford, 1986; P. White & Broadley, 2003).

In the subtropical high mountainous Gongga region,
located at the southeastern edge of the Tibetan Plateau, the
decrease in the mean annual precipitation and increase in the
mean annual temperature in the past two decades (Wu et al.,
2013) accelerated the retreat of the Hailuogou glacier, one
of the largest glaciers at the foot of the Gongga Mountain
(Zhou et al., 2013), which started in the late 19th century
(Li et al., 2010). The successive ecosystem development cre-
ated a natural soil and vegetation chronosequence, which has
not been disturbed much by human activities. The fast vegeta-
tion succession is surprising, because the Gongga Mountain
and the derived glacial debris is mainly composed of gran-
ite (Searle et al., 2016), a nutrient-poor substrate, particularly
with respect to Ca and Mg (Schmitt et al., 2012). However, the
Hailuogou glacial debris also contains carbonates originat-
ing from meta-sedimentary rocks (Roger et al., 1995; Searle
et al., 2016), which are leached out of the topsoil in 47 yr after
glacial retreat (Basdediós et al., 2022).

The major rock-forming mineral groups in the Earth’s crust
are quartz, feldspars (i.e., K-feldspar and plagioclase) and fer-
romagnesian minerals (e.g., biotite and hornblende). Quartz
contains low concentrations of plant nutrients and is little
weatherable (Barker et al., 1997). Feldspars persist in strongly
weathered soils in which other primary minerals have been
altered to secondary minerals, providing a slow release of K
and Ca (Allen & Hajek, 1989). In contrast, ferromagnesian
minerals are considered to be relatively unstable among the
common rock minerals and can release large quantities of Mg
and K (Allen & Hajek, 1989). Minerals with higher solubility
in water than silicates, such as carbonates, are the most easily
weathered (Smith & Huyck, 1999). Fast initial weathering of
CaCO3 and the subsequent release of available nutrients may
contribute to the development of primary vegetation succes-
sions, especially in glacial environments, because chemical
weathering is strongly influenced by carbonate minerals even
if they are present in only small amounts (∼1%) in the parent
material (Blum et al., 1998).

The presence of carbonate minerals buffers the pH near
neutral values and usually releases Ca and if dolomite or
magnesite are present also Mg at high rates through weath-
ering (Mavris et al., 2010; Zamanian et al., 2016). The soil
pH influences many biogeochemical processes which drive
vegetation succession, such as microbial turnover of organic
matter and related N release (Andersson & Nilsson, 2001),
P availability (Hinsinger, 2001; Sohrt et al., 2017), and the
release of nutrient cations by mineral weathering (Chadwick
& Chorover, 2001). Weathering of carbonate and silicate
minerals can be described as an acid-base reaction, with
the difference that carbonate minerals dissolve completely

Core Ideas
∙ Calcite occurred in the mainly granitic substrate of

the Hailuogou chronosequence.
∙ The calcite originated from meta-sedimentary and

meta-volcanic rocks in the glacial debris.
∙ Carbonate weathering determined the rapid initial

Ca but not Mg release.
∙ The main sources of weathered Mg, K, and Na

were silicate minerals.
∙ Base cation release kinetics followed the order,

Ca>>Mg>K>>Na.

whereas silicate weathering usually results in the formation
of secondary clay minerals outside the inner (per-)humid
tropics with their desilicating weathering regime. A mix of
mineral constituents in the parent material, for example, car-
bonates and easily weatherable silicates, might release a wide
variety of nutrients through weathering that become eas-
ily available for plant uptake. Once a soil organic layer is
established, it can store and supply a large quantity of the
nutrients required by the vegetation (Basdediós et al., 2022;
Jobbágy & Jackson, 2004; Lilienfein et al., 2001; Wilcke
et al., 2002). Because at the beginning of the vegetation suc-
cession on glacial debris the soil is usually free of organic
matter, mineral weathering together with the nutrient input
by atmospheric deposition drives the supply of all macronu-
trients but N, which is acquired by microbial N2 fixation
from the atmosphere except in bituminous sediments and
metamorphites (Houlton et al., 2018). Therefore, weathering
rates play a crucial role in enabling plant growth. Likewise,
plants can influence weathering rates compared with the rates
when plants are absent (Berner et al., 2004). Plants cause
physical weathering by root growth and influence chemi-
cal weathering of minerals to mobilize nutrients from the
soil, partly assisted by mycorrhizal fungi with which plant
roots are associated. Roots can also excrete organic acids and
chelates into the rhizosphere, which help plants to access
specific nutrients or to form nontoxic complexes in soils
(Drever & Stillings, 1997; Meyer et al., 2009). In a previ-
ous study at the Hailuogou glacial retreat chronosequence,
Basdediós et al. (2022) suggested that the synchronization
of weathering rates with vegetation development facilitated
the fast succession. They hypothesized that in the early phase
of the ecosystem succession, weathering of carbonates and
easily weatherable silicates released high amounts of Ca and
to a lesser degree Mg. After carbonates were dissolved, the
onset of slower silicate weathering concurring with the shift
from deciduous to coniferous forest slowed the nutrient cycle.
While the total stocks of Ca and Mg decreased along the
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1694 BASDEDIÓS ET AL.

chronosequence in response to the loss of carbonates and eas-
ily weatherable silicates within a few decades, those of K and
Na were unrelated with ecosystem age. To explain the lack of
a relationship between ecosystem age and K and Na stocks,
Basdediós et al. (2022) suggested that K and Na were con-
stantly released from silicate mineral pools at low rates which
were taken up by the organisms of the ecosystem with little
losses.

Batch and column techniques are used to examine buffer
capacities and reaction kinetics of rocks and soils (Alt et al.,
2013; Hacker et al., 2017; Selim & Amacher, 1997). Fre-
quently, the analyzed mineral material is exposed to a constant
elevated H+ pressure in so-called pHstat experiments, which
can be realized in automatic titroprocessors or as a batch
experiment with ion exchangers. In automatic titroprocessors,
the proton activity in the reaction solution is kept constant at
a higher level than soil equilibrium pH by measuring pH con-
tinuously and replacing buffered protons by the addition of
mineral acid (Süsser, 1987; van de Sand & Fischer, 1994).
In experiments with tritroprocessors, the released ions accu-
mulate in the solution with the risk that secondary mineral
precipitation occurs if dissolution constants are surpassed.
Titroprocessor experiments therefore mimic conditions with
a stagnant solution phase. In the pHstat method of Kaupen-
johann and Wilcke (1995) ions released into solution during
H+ buffering are removed from the system with the help of ion
exchange resins and therefore do not affect further reactions.
Ion exchange resin approaches mimic conditions in which
water percolates through the soil and removes weathering
products (Alt et al., 2013; Hacker et al., 2017; Schwarz et al.,
1999). Süsser (1987) described buffer reactions in soils during
pHstat experiments as the sum of two independent reactions
both following first order kinetics. This allows to distinguish
a fast- and a slow-reacting mineral pool and release rate
constants associated with these pools.

Our overall objective was to (a) identify the origin of the
carbonate minerals in the granite-dominates glacial debris of
the Hailuogou glacier and test the hypotheses that (b) CaCO3
determines initial Ca release and contributes, to a minor
degree, to that of Mg; (c) the weathering release rates of Ca
and Mg decrease with increasing soil age, because of the fast
loss of initially present carbonates and easily weatherable sili-
cate minerals as reflected by strongly decreasing fast-reacting
Ca and Mg pools. Once the carbonates are gone, the slower
silicate weathering takes over and releases Ca and Mg at lower
rates than initially, which is synchronized with the ecosys-
tem development from deciduous to coniferous forest. (d)
Potassium and Na are only weathered from silicate minerals
such as mica during the whole ecosystem development and
thus show constant release rates and slightly decreasing pool
sizes.

2 MATERIALS AND METHODS

2.1 Study area

The Gongga Mountain (summit: 7,556 m asl, Figure 1) is
formed from the Gongga batholith, which extends for more
than 100 km in the transition zone of the Sichuan Basin and
the Tibetan Plateau, southwest China. The massif is mainly
composed of a granitoid complex (i.e., granite and granodior-
ite) intruded into the Palaeozoic–Triassic meta-sediments and
meta-volcanic rocks of the Songpan-Ganze terrane (Roger
et al., 1995; Searle et al., 2016). Located on the eastern slope
of the Gongga Mountain, the Hailuogou Glacier has markedly
retreated since the late 19th century (Li et al., 2010), develop-
ing a 2-km long and 50–200-m wide chronosequence, which
spans an elevational range from 2,800 to 2,950 m asl. The
short time of pedogenesis (<130 yr) formed soils without
B horizon classified from youngest to oldest as Leptic Cal-
caric to Folic Dystric Regosols (IUSS Working Group WRB,
2014). The parent material of soil formation is moraine and
consists mainly of a mixture of silicates (87%), including pla-
gioclase (28.5%), quartz (24.5%), biotite (12%), hornblende
(12%), and K-feldspar (10%), carbonates (<10%), and a minor
contribution of apatite (<2.1%) (Yang et al., 2015; Zhou et al.,
2016). The mean annual temperature and precipitation are
4.2 ˚C and 1,947 mm, respectively. Rain falls mainly dur-
ing the summer growing season (May–September) (Wu et al.,
2013).

Our study included seven sites, deglaciated between 0 (Site
1: 2,982 m asl) and 127 yr ago (Site 7: 2,855 m asl; Figure 1),
previously described by Zhou et al. (2013). A primary veg-
etation succession has developed along the chronosequence,
from pioneer shrubs (i.e., Hippophae rhamnoides L.; Site
3: 37 yr), over half mature broad-leaved tree forests domi-
nated by poplar (Populus purdomii Rehder; Site 4: 47 yr),
to a full conifer forest dominated by Faber’s fir [Abies fabri
(Mast.) Craib; Sites 5 and 6: 59 and 87 yr, respectively] and
Sargent spruce [Picea brachytyla (Franch.) E. Pritz.; Site 7:
127 yr]. With increasing time, the soils have developed A
and O horizons of increasing thickness. The intense carbonate
weathering in the early stage of the chronosequence and the
rapid establishment of the vegetation decreased soil pH from
8.0 to 5.8 in only 47 yr (Basdediós et al., 2022).

2.2 Field sampling

At all seven study sites, we collected samples of the A and
C horizons and from the 0-to-10-cm topsoil layer, which
included the uppermost part of the C horizons because
the morphologically recognizable A horizons were only
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BASDEDIÓS ET AL. 1695

F I G U R E 1 Location of the Hailuogou chronosequence and study sites (Basdediós et al., 2022)

0.5–6.5-cm thick or even absent at Site 1 in August 2017
(Figure 1; Table 1). Each ecosystem succession stage was
sampled in triplicate. The distance between the sampled soil
profiles was at least 20 m, except at Sites 1 and 2, where the
distance was reduced to 10 m because of the narrower valley
in the proximity of the glacier. Mineral soil samples were air-
dried to constant weight and sieved to two different fractions:
fine earth (<2 mm) and stones (>2 mm). Plant residues were
removed manually. At Site 1 (0 yr), we additionally collected
16 different rock samples from the surface which we consid-
ered as representative of the composition of the glacial debris
forming the substrate for soil development.

2.3 Optical and chemical analyses

To determine the type of the collected rocks, photomicro-
graphs of thin sections (30-μm thick) were taken with an
Axiocam 105 attached to a Zeiss Axiolab optical microscope

(1.5×; Carl Zeiss AG). To collect unweathered rock material,
we removed the outer shell of each rock sample by cutting
with an automated core slabbing saw. Aliquots of the soil sam-
ples were ground using a Retsch MM 400 ball mill (Retsch
GmbH). The stone fraction of the soils (>2 mm) and the rock
samples were ground in an agate grinding set using a vibratory
disk mill (Siebtechnik GmbH).

Total element concentrations in fine earth (<2 mm),
the stone fraction (>2 mm), and rocks from the glacial
debris, were determined after total digestion with concen-
trated HNO3/HF/H2O2 (4:1.5:1, v/v) in a microwave oven
(MARS6Xpress, CEM) by measurement with an inductively
coupled plasma optical-emission spectrometer (ICP-OES,
5100 VDV, Agilent). Accuracy was assessed by the analysis of
a certified reference material (BCR-2, Basalt). Average recov-
eries ± standard deviations were 100 ± 10% for all certified
elements.

Soil pH, effective cation-exchange capacity (ECEC), con-
centrations of exchangeable Ca, Mg, K, and Na, and Ca
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1696 BASDEDIÓS ET AL.

T A B L E 1 Mean loss on ignition (LOI) and element concentrations with standard errors in parentheses (n = 3) of the stone fraction (>2 mm) in
the soil profiles along the Hailuogou chronosequence

Site age Soil horizon LOI Inorganic C S Ca Mg K Na
yr % g kg−1

5 A 4.38 (1.5) 7.4 (1.0) 0.7 (0.2) 74.5 (4.2) 32.1 (1.2) 36.1 (3.0) 26.1 (1.3)

37 A 0.51 (0.0) 7.3 (0.8) 0.3 (0.2) 70.2 (9.6) 36.3 (5.1) 36.5 (3.4) 24.3 (2.2)

47 A 0.69 (0.1) 2.0 (0.7) 0.1 (0.0) 65.7 (2.2) 31.2 (0.6) 49.2 (2.9) 36.8 (4.5)

59 A 1.27 (0.3) 2.6 (0.7) 0.3 (0.1) 57.1 (5.5) 30.4 (4.1) 40.4 (4.0) 26.9 (3.3)

87 A 1.68 (0.8) 1.5 (0.2) 0.2 (0.1) 45.3 (1.3) 20.5 (2.2) 28.4 (1.9) 21.5 (0.9)

127 A 5.59 (4.5) 2.0 (0.3) 0.3 (0.1) 42.9 (4.7) 19.2 (2.3) 28.9 (0.6) 19.2 (0.9)

5 C 0.20 (0.0) 9.7 (0.2) 0.7 (0.3) 87.4 (2.4) 32.2 (0.5) 37.6 (1.1) 25.3 (2.4)

37 C 0.45 (0.1) 10.2 (3.7) 0.3 (0.1) 60.3 (10.0) 21.8 (4.0) 21.9 (1.6) 14.2 (1.7)

47 C 0.27 (0.1) 1.6 (0.7) 0.1 (0.0) 53.6 (8.1) 26.2 (1.8) 46.6 (3.5) 30.6 (2.4)

59 C 0.57 (0.0) 3.4 (1.1) 0.2 (0.1) 57.7 (6.7) 27.7 (3.0) 39.9 (3.6) 26.4 (3.0)

87 C 0.73 (0.2) 2.4 (0.6) 0.2 (0.1) 35.3 (1.5) 17.0 (0.9) 25.2 (1.9) 17.4 (1.5)

127 C 0.37 (0.1) 1.8 (0.7) 0.3 (0.2) 46.2 (2.7) 21.2 (1.0) 35.5 (1.2) 23.6 (1.3)

0 C1 1.58 (0.3) 6.7 (0.8) 0.3 (0.1) 79.7 (11.5) 31.4 (2.9) (34.1 (3.0) 28.5 (1.7)

0 C2 0.41 (0.1) 9.5 (2.8) 0.5 (0.3) 88.9 (6.0) 31.8 (3.0) 35.2 (2.3) 25.3 (0.7)

carbonate concentrations were taken from Basdediós et al.
(2022). The inorganic C (i.e., after muffling the samples at
550 ˚C to remove organic matter) and total S concentrations
of the stone fraction were determined by combustion in a CNS
Elemental Analyzer (EuroEA, HEKAtech GmbH). The inor-
ganic C concentrations and δ13C values in the rocks were
determined with an Elemental Analyzer – Isotope Ratio Mass
Spectrometer (Flash 2000 HT Plus-Delta V Advantage, Ther-
moFisher Scientific) after muffling the samples at 550 ˚C.
Loss on ignition (LOI) was determined by weighing before
and after muffling the samples at 550 ˚C.

To determine the release kinetics of the base cations (i.e.,
Ca, Mg, K, and Na) we followed the method of Schwarz et al.
(1999) and included modifications of Alt et al. (2013) to han-
dle the carbonates. We inserted 2 g of a mixed ion-exchange
resin (Amberlite MB-20, Rohm and Haas) into 3 cm-wide
4 cm-long homemade polyethylene (PE) bags, which were
permeable to fluids (mesh width 100 μm). Before starting the
experiment, the resin was saturated with HNO3 and rinsed
with deionized water (DI, >18 MΩ cm−1) to remove free
acid. We added 100 ml of DI water to 1 g of fine earth in a
125-ml PE bottle. The soil–water suspension was shaken dur-
ing 1 h and the initial pH was measured. The resin bag and
1 ml of Ba(NO3)2 of varying concentrations were added at
the same time to the soil–water suspension in equilibrium to
start the experiment. We supplied as many Ba equivalents as
were theoretically necessary to lower the pH to 3.0 by releas-
ing exchanged H+ from the resin. The Ba equivalents were
calculated as the H+ concentration in the solution at pH 3.0
minus that in the equilibrium soil suspension, assuming that
each mol of Ba2+ releases 2 mol of H+. The bottles were

shaken during 10 min, 30 min, 1 h, 2 h, 4 h, 12 h, 24 h, 48 h,
96 h, and 168 h, respectively, to determine the element release
over time. Therefore, 10 PE bottles were prepared per soil
sample. At each site age, we analyzed three independent soil
samples collected from the uppermost 10 cm of the soils. In
total, 7 sites × 3 replicates × 10 aliquots for the different shak-
ing times = 210 samples were processed. After the extraction
time had passed, the resin bags were removed and the pH of
the soil suspension was immediately measured in an aliquot
that was afterwards discarded because of the release of K by
the glass electrode. After rinsing the resin bags thoroughly
with DI water, the ions adsorbed to the resin were extracted
in three steps with 30 ml of 2 M HNO3 for 10 min in the first
and second step and for 30 min in the last one. Exchanged
element concentrations were determined by ICP-OES. Pre-
liminary tests of the element recovery from the resins with
standard solutions were satisfying for all studied elements
(Ca: 101 ± 3%, Mg: 99 ± 1%, K: 106 ± 3%, Na: 99 ± 1%;
n = 3).

2.4 Calculations and statistical analyses

The initial number of moles of H+ that had to be released from
the resin to decrease the initial pH (pHi) to 3.0 by exchange
with Ba2+ ions was calculated with Equation 1.

𝐻+ =
(
10−3 − 10−𝑝𝐻𝑖

)
∕2 (1)

The base cation release kinetics were described by a two-
step first-order reaction (Equation 2, Schwarz et al., 1999;
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BASDEDIÓS ET AL. 1697

Süsser, 1987).

𝑌 (𝑡) = PoolA
(
1 − 𝑒−ka𝑡

)
+ PoolB

(
1 − 𝑒−kb𝑡

)
(2)

where Y(t) represents the element release from soil (mg kg−1)
at time t. Pool A and Pool B are the estimates of the two differ-
ently reactive pools (slow/fast; mg kg−1) and ka and kb are the
corresponding rate constants (h−1) of each pool, estimated by
a nonlinear regression model using sequential quadratic opti-
mization. We used the coefficient of determination (R2) as a
measure of the fit between our data and the function.

Linear regression and Pearson correlation were used to
evaluate the relationships between variables. Significant dif-
ferences between the fast-reacting pool (Pool A) of each base
cation (i.e., Ca, Mg, K, and Na) and its respective exchange-
able element concentration extracted with 1 M NH4NO3 were
tested with independent two-sample t tests at each site. One-
way ANOVA and Tukey’s HSD post-hoc test were applied
to find significant differences in Pool A, Pool B, ka and kb
among the seven study sites. Normal distribution of residu-
als was visually inspected. Homoscedasticity was tested with
Levene’s test. Statistical analyses were conducted with the sta-
tistical software R (R Core Team, 2019). Significance was set
at p < .05.

3 RESULTS

3.1 Rock types and source of carbonates

The 16 rocks we collected at Site 1 included four samples of
granite, six samples of calc-silicate rocks of which five were
meta-sedimentary (MS) and one meta-volcanic (MV), three
samples of amphibolite, one sample of mica schist and one
sample of quartzite. Our visual impression in the field was that
meta-volcanic rocks occurred rarely in the study area, while
metasedimentary rocks were more frequent.

We detected inorganic C in all collected rock types
(Figure 2). Assuming that all the inorganic C is present as
calcite (CaCO3), the studied rocks contained up to 19% of cal-
cite. The sample with the highest calcite concentration was
the meta-volcanic rock (MV, Figure 2). The second highest
inorganic C concentrations were detected in the more fre-
quent metasedimentary rocks (MS). In these rocks, calcite
was present together with quartz and amphibole (Figure 3a),
epidote (Figure 3b), biotite (Figure 3c), and traces of zoisite
(Figure 3d). Optical microscopy images revealed that the cal-
cite occurred mainly in the pores of the rocks, as interstitial
calcite between the grains (Figure 3e). The meta-volcanic
rock was characterized by layering mainly consisting of cal-
cite, plagioclase, amphibole, feldspar, and traces of quartz
(Figure 3f).

Total metal concentrations of the rocks varied widely
(Figure 2). Calcium concentrations correlated significantly
with the inorganic C concentrations in the calc-silicate rocks
and granites (r = .88, p < .001, n = 10). However, this was
not the case in amphibolite, mica-schist, or quartzite. The total
Mg, K, and Na concentration in rocks did not correlate with
the inorganic C concentrations. The δ13C values ranged from
−2.43 to−10.4‰ in all rocks except for amphibolite and mica
schist, which were lower (–11.5 to −22.5‰). The rapid car-
bonate depletion from the parent material was reflected by
the fast decrease in inorganic C concentrations in the stone
fraction along the chronosequence, which fell by one order of
magnitude during the first 47 yr (Table 1).

3.2 Base cation release kinetics

From Site 1 to Site 3 (soils containing carbonates), the target
pH of 3.0 was reached in 4–12 h after starting the experi-
ment, while from Site 4 to Site 7, the target pH was reached in
30 min to 1 h. At Sites 1 (0 yr) and 2 (5 yr), the release kinetics
of Ca were converged to a one-pool kinetic equation instead
of to a two-pool kinetic equation (Pool B = 0 or ka = kb).
The goodness of the fit (R2 values) ranged from .89 to .99,
.97 to .99, .96 to .99 and .96 to .99 for Ca, Mg, K, and Na,
respectively (Figure 4).

The size of the fast-reacting pool (Pool A) of Ca dropped
substantially along the chronosequence (Figure 5a) and corre-
lated significantly positively with the CaCO3 and exchange-
able and total Ca concentrations (Table 2). Pool A of Mg, K,
and Na did not change with site age and was generally smaller
than their corresponding slow-reacting Pool B (Figure 5b–d).
Pools A of Mg and K were significantly and marginally sig-
nificantly (p < .1) correlated with the exchangeable Mg and
K concentrations in soil, respectively (Table 2). Pool B of
K correlated positively with the exchangeable K concentra-
tions (Table 2). Pool B of Na increased significantly with
decreasing CaCO3 concentrations.

The modeled release rate constant associated with the fast-
reacting Pool A, ka, did not significantly change with site age
for any of the studied elements and varied from 0.3 to 0.7,
1.7 to 8.2, 0.4 to 0.8, and 0.1 to 39 h−1 for Ca, Mg, K, and Na,
respectively. Similarly, the modeled release rate constant asso-
ciated with the slow-reacting Pool B, kb, of Ca, Mg, and Na
was not correlated with site age, and varied from 0.02 to 0.04,
0.01 to 0.02 and 0.01 to 0.03 h−1, respectively. Only kb of K
decreased significantly with site age, from 0.08 (Site 1, 0 yr) to
0.02 h−1 (Site 7, 127 yr). The ka values of Ca correlated signif-
icantly negatively with the total Ca concentrations, while the
ka values of Na correlated significantly negatively with the
CaCO3 concentrations. The kb values of Mg and K correlated
significantly positively with pH and CaCO3 concentrations
(r and p values shown in Table 2).
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1698 BASDEDIÓS ET AL.

F I G U R E 2 Mean concentrations of inorganic C, Ca, Mg, K, Na, Al, and Fe in the sampled rock types of the Hailuogou glacial debris. Error
bars indicate the standard deviation of three (granite and amphibolite) or six (calc-silicate rock) replicate samples. Lacking error bars indicate that
only one sample was available. MS, metasedimentary rock; MV, metavolcanic rock

T A B L E 2 Pearson coefficient (r) and p values of the correlations of site age, exchangeable element concentrations (exch.) extracted with 1 M
NH4NO3, CaCO3 concentration, and total element concentrations in the fine earth (soil <2 mm) with Pools A and B and release rate constants ka and
kb, which were modeled based on the results of a pHstat experiment at pH 3 on the topsoils (0–10 cm) along the Hailuogou chronosequence

Release rate constants, h−1

Pool A, mg kg−1 Pool B, mg kg−1 ka kb

Properties r p r p r p r p
Ca
Site age, yr −.81 <.001 −.50 .06 .42 .06 .23 .40

Exch. Ca, mg kg−1 .93 <.001 .58 <.05 −.38 .09 .29 .29

CaCO3, g kg−1 .99 <.001 .47 .08 −.38 .08 .35 .20

Total Ca soil, g kg−1 .94 <.001 .58 <.05 −.54 < .05 −.06 .84

Mg
Site age, yr .17 .47 −.27 .24 −.32 .16 −.40 .07

Exch. Mg, mg kg−1 .54 <.05 −.12 .61 −.38 .09 −.18 .43

CaCO3, g kg−1 .04 .86 −.10 .67 .17 .47 .47 <.05

Total Mg soil, g kg−1 −.18 .45 .28 .22 .13 .56 .30 .19

K
Site age, yr −.32 .16 −.40 .07 −.26 .25 −.62 <.05

Exch. K, mg kg−1 .38 .09 .50 <.05 .15 .53 −.02 .93

CaCO3, g kg−1 .07 .76 −.04 .88 .35 .12 .74 <.001

Total K soil, g kg−1 −.21 .37 −.12 .60 .11 .62 −.25 .27

Na
Site age, yr .16 .49 .32 .16 .26 .26 −.31 .17

Exch. Na, mg kg−1 −.06 .81 −.21 .36 .36 .11 .18 .44

CaCO3, g kg−1 .00 .99 −.50 <.05 −.48 <.05 .30 .18

Total Na soil, g kg−1 −.13 .57 .40 .07 .28 .21 −.21 .37
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BASDEDIÓS ET AL. 1699

F I G U R E 3 Photomicrograph of thin sections of selected rocks collected from the Hailuogou glacial debris. Metasedimentary rocks (a–e)
contained (a) calcite (Cc), amphibole (Amph), and titanite (Tit), (b) Epidote (Epi), (c) biotite (Bio), and quartz (Qtz), (d) some zoisite (Zoi), and
(e) high amounts of interstitial calcite between the grains. (f) The only meta-volcanic rock collected contained a carbonate layer (Cc), few quartz
layers (Qtz) and plagioclase (Plag). The red line in f illustrates the banding/layering by separating the coarser grained upper part from the finer
grained lower part of the photomicrograph of the meta-volcanic rock

The size of the Pools A of Ca and Mg generally did not sig-
nificantly differ from the respective size of the exchangeable
element concentrations at most sites (Figure 6a,b). However,
at Sites 1 and 2 the Pool A of Mg was significantly larger
than the exchangeable Mg concentration and at Site 5 Pools
A of Ca and Mg were significantly larger than the respec-
tive exchangeable element concentrations. The exchangeable
Ca concentration in the carbonate-containing soils (Sites
1–3) could not be determined with the used standard method
because of the partial dissolution of calcite in the extract. The
size of Pools A of K and Na was significantly larger than
the respective exchangeable concentrations at all study sites
(Figure 6c,d).

The slow-reacting Pool B of Mg only started to release Mg
after 4–12 h and was significantly correlated with the total
Mg concentration in the soil (r = .59). Pools B of Mg and K
correlated significantly with each other (r = .65, p = .001)
but not with those of Ca or Na. At the end of the experiment
(t = 168 h), the total mass of released Mg strongly correlated
with that of Fe (r = .96, p < .001), Al (r = .89, p < .001),
and K (r = .84, p < .001). However, there was no correlation
between the total mass of released Ca and Na and that of Fe or
Al. The released K/Mg ratio 1 h after starting the experiment
linearly decreased from 3.1 ± 0.3 (Site 1) to 0.9 ± 0.2 (Site 7,
r = .79, p < .005), while it averaged 0.4 ± 0.1 at the end of
the experiment with little variation (Figure 7a). Similarly, the
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1700 BASDEDIÓS ET AL.

F I G U R E 4 Release kinetics of (a) Ca, (b) Mg, (c) K, and (d) Na during a pHstat experiment at pH 3 in topsoils (0–10 cm) from Site 1 (0 yr) to
Site 7 (127 yr) of the Hailuogou chronosequence. Error bars represent standard errors (n = 3). The dotted and dashed lines illustrate the
biexponential fit

F I G U R E 5 Sizes of (a) Ca, (b) Mg, (c) K, and (d) Na Pools A (fast) and B (slow) in topsoils (0–10 cm) calculated with the biexponential
function in Equation 2 along the Hailuogou chronosequence. Uppercase and lowercase letters denote significant differences in the sizes of Pools A
and B, respectively, among the sites (p < .05). Error bars represent standard errors (n = 3)

molar K/Mg ratio in aboveground biomass tended to decrease
from Site 3 to 7, although the correlation between site age and
molar K/Mg ratio was not significant (Figure 7b). The molar
K/Mg ratio varied little with site age in the organic layer and
the mineral soil (0–10 cm).

4 DISCUSSION
4.1 Source of carbonates

The plutonic component of the Hailuogou glacial debris was
expected from geological maps showing that the Gongga

 14350661, 2022, 6, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20473 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BASDEDIÓS ET AL. 1701

F I G U R E 6 Sizes of the fast-reacting Pool A of (a) Ca, (b) Mg, (c) K, and (d) Na and size of the respective exchangeable element pools
extracted with 1 M NH4NO3 from topsoils (0–10 cm). The exchangeable Ca concentration in the carbonate-containing soils (Sites 1–3) could not be
determined with the used standard method because of the partial dissolution of calcite in the extract

Mountain peak is composed of granitic rocks. Paleozoic sed-
imentary rocks with high-grade metamorphism can be found
in the surroundings, ∼10 km from the main peak (Roger
et al., 1995). Searle et al. (2016) also reported the presence of
metasediments at the eastern margin of the Gongga batholith,
which also belongs to the source area of the Hailuogou glacial
debris.

Our suggestion that the inorganic C detected in all sampled
rocks (Figure 2) was mainly calcite (Figure 3) is supported
by its δ13C values, which were similar to those reported for
carbonates in metamorphic and igneous rocks of −11.9 to
+3.1‰ (Deines & Gold, 1973) and of −16 to +2‰ in calc-
silicate rocks (Schwarcz, 1969). However, the amphibolite
and mica schist samples which had δ13C values ≤−16‰,
may have contained graphite, for which δ13C values down to
−41‰ are reported (Deines, 1980; Ghent & O’Neil, 1985).
This assumption is supported by the finding that no strong
reaction was observed after application of diluted HCl to the
amphibolite and mica schist samples.

Optical microscopy images revealed that calcite was mainly
present in the pores of the metasedimentary rocks as inter-
stitial calcite between the grains (Figure 3e), which is in
line with findings of A. White et al. (1999) who reported
that calcite can occur as fillings in cracks and microfrac-
tures within the silicate matrix. Moreover, in some of
our samples the saussuritization process by which primary
rock-forming plagioclase is partially transformed into other
minerals, such as epidote, zoisite, albite, or calcite could also
have occurred. Saussuritization was observed in other mainly

granitic proglacial areas such as the Morteratsch glacial retreat
area in the Canton of Grisons, Switzerland (Mavris et al.,
2010). The Morteratsch glacial retreat area is one of the few
locations we know of, where similar to the Hailuogou region,
a fast vegetation cover has developed within few decades
after glacial retreat. However, the CaCO3 concentration in the
Morteratsch glacial debris is with only 0.2 ± 0.3% (Mavris
et al., 2010) one order of magnitude lower than at Hailuogou
(5.6%) (Zhou et al., 2016).

We even detected low concentrations of carbonates in
the abundant coarse-grained granites (3–7 g kg−1 CaCO3,
Figure 2) and higher ones in the fine-grained granite from
the Hailuogou area (57 g kg−1 CaCO3, Figure 2). Up to now,
the petrogenesis of calcite in granitoid rocks has received
little attention. A. White et al. (2005) stated that calcite is
universally present in granitoid rocks in a concentration rang-
ing from 0.028 to 18.8 g kg−1, with a mean of 2.52 g kg−1.
To explain the ubiquitous presence of accessory calcite in
granitoid rocks, A. White et al. (2005) suggested that calcite
might be included during late-magmatic growth or subsolidus
replacement during magmatic processes. However, specific
calcite occurrences can also be related to external inputs, such
as from carbonate wall rocks or hydrothermal alteration (A.
White et al., 2005). Geothermal mid-temperate springs (T∼60
˚C) are scattered across the Hailuogou National Forest Park
(Qi et al., 2017). Because of the presence of Paleozoic sedi-
mentary rocks in the eastern catchment area of the Hailuogou
glacier (Searle et al., 2016) in combination with hydrothermal
sources in the surroundings of the study area (Qi et al., 2017),
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1702 BASDEDIÓS ET AL.

F I G U R E 7 (a) Released molar K/Mg ratios 1 and 168 h after
starting the pHstat experiment and (b) molar K/Mg ratios in the upper
10 cm of the mineral soil, the organic layer, and the aboveground
biomass along the chronosequence. For each site age, we ran three
independent batch experiments and collected three independent
samples, which are individually shown. The regression line in a was
calculated for the means of each site age. Data of b were taken from
Basdediós et al. (2022)

we suggest that the detected inorganic C in the granite sam-
ples of the Hailuogou chronosequence can be attributed to a
mix of magmatic processes and external inputs.

4.2 Role of carbonates and easily
weatherable silicates for the release of Ca and
Mg

The release of all studied base cations by acid hydrolysis ini-
tially proceeded fast, followed by a slower reaction (Figure 4).
Although the total Ca concentration of the parent substrate
was only about double that of Mg, K, and Na (Table 1), during
the 1st day of the pHstat experiment, a >10 times higher mass
of Ca was released than of Mg and K and even approximately
100 times higher mass of Ca than of Na (Figure 4). Rapid ele-
ment release at the beginning of a pHstat experiment is likely
related to cation-exchange reactions and unstable solid phases
that are easily dissolved upon acidification, for example, car-
bonates (Alt et al., 2013; Cappuynus & Swennen, 2008). The

fact that along the Hailuogou chronosequence, the size of the
fast-reacting Ca pool (Pool A) correlated positively with the
carbonate (CO3

2–), exchangeable Ca, and total Ca concentra-
tions in soil, while the fast-reacting Mg pool only correlated
with the exchangeable Mg concentrations in soil (Table 2),
suggested that the Mg release along the chronosequence was
not associated with the weathering of Mg-containing car-
bonate minerals, such as dolomite or magnesite, but with
cation-exchange reactions.

Along the chronosequence, the size of the fast-reacting Ca
and Mg pools did not significantly differ from the respec-
tive sizes of the exchangeable element pools (Figure 6a,b),
except for Mg in the younger soils (Sites 1 and 2), where
the Pool A was larger than the exchangeable Mg concentra-
tions (Figure 6b). This may be attributed to the release of Mg
from other labile minerals, such as chlorite (Zhou et al., 2016)
during the pHstat experiment.

4.3 Changes of Ca and Mg weathering
rates with ecosystem development

The comparison of the release kinetics of the four base cations
between Sites 1 and 7 revealed a general slowdown of the
weathering for all studied elements, except for Na (Figure 4).
However, the difference in the release kinetics between Sites 1
and 7 was particularly pronounced for Ca and comparatively
weak and similar for the other three elements. We attribute
this to the loss of carbonates within a few decades, from which
only Ca was released to a considerable extent.

The release rate constant associated with the fast-reacting
Ca pool, ka_Ca, increased with decreasing Ca concentration
in soil and marginally significantly with soil age (Table 2).
This occurred in line with the rapid weathering of carbonates
reported by Basdediós et al. (2022). After carbonates were
leached (>47 yr), the size of the fast-reacting Ca pool was
comparable to that of the exchangeable Ca pool (Figure 6a).
The release rate constant associated with the slow-reacting
Pool B of Ca, kb_Ca, did not significantly change with increas-
ing site age, although the size of Pool B tended to decrease
(Table 2). This indicated that the slow-reacting Ca pool was
weathered at a constant rate along the chronosequence. We
suggest that Ca-Al sorosilicates, such as titanite and epidote
(Figure 3a,b), contributed to the slow-reacting pool of Ca
(Figure 5a).

The release rate constant associated with the fast-reacting
Mg pool, ka_Mg, did not significantly change along the
chronosequence, while that associated with the slow-reacting
Mg pool, kb_Mg, marginally significantly (p < .1) decreased
with time. Unexpectedly, the slow-reacting Mg pool seemed
to only become active 4–12 h after the start of the experi-
ment and not simultaneously with the fast pool as was the
case for Ca, K, and Na (Figure 4), which may indicate that
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BASDEDIÓS ET AL. 1703

Mg was more strongly bound in soil, for example, by asso-
ciation with highly insoluble soil constituents (Cappuynus
& Swennen, 2008). The acid target pH of 3.0 in our pHstat
experiment intensified the weathering of minerals such as the
micas biotite and muscovite leading to a release of Mg and
K into soil solution, which may have contributed to the large
slow-reacting pool of both elements. Weathering of micas is a
gradual transformation of their structures by removal of Mg,
Fe, and K (Stoch & Sikora, 1976). During biotite weathering
in the pH range of 2–6, Mg and Fe are preferentially released
(Bray et al., 2015), likely together with K. In the Hailuo-
gou region, the Mg release was closely correlated with that
of Fe and Al, but not with the CO3

2– concentrations indicat-
ing that most of the released Mg was associated with silicate
weathering.

Contrary to our hypothesis, the fast-reacting Pool A of
Mg did not significantly change with time and was consis-
tently smaller than the slow-reacting Pool B of Mg along
the chronosequence (Figure 5b). The size of Pool A of Mg
correlated with the exchangeable Mg concentration in soil
(Table 2). Only in the younger soils (Sites 1 and 2), Pool A
was significantly larger than the exchangeable Mg pool, which
we attribute to a slightly higher chlorite concentration at Sites
1 and 2 (4%, Zhou et al., 2016), because chlorite is easily
weatherable and can be quickly lost from the topsoil (Terhorst
et al., 2012). The finding that 2 h after the start, before the
slow-reacting pool of Mg was activated, the molar K/Mg ratio
significantly decreased with site age from 3.4 ± 0.2 (Site 1)
to 1.2 ± 0.3 (Site 7) (Figure 7a), while after 168 h the K/Mg
ratios did not correlate with site age anymore indicated that
more Mg was leached relative to K, although more K than
Mg was originally stored in the mineral soil (K/Mg ratio in the
mineral soil: 1.3 ± 0.1, Figure 7b). This was in line with the
findings of Basdediós et al. (2022), who reported a decrease in
the total stocks of Mg along the chronosequence, while those
of K were not related to ecosystem age.

We suggest that Ca was initially mainly released from cal-
cite, while Mg was released from chlorite. At later stages of
the chronosequence, bioavailable (fast-reacting) Ca and Mg
were stored in the exchangeable pools, which was replenished
by the slow weathering of silicate minerals of intermediate
stability such as titanite for Ca and hornblende and biotite
for Mg. After 127 yr, the contributions of hornblende and
biotite to the total mineral mass had decreased from 11.8 to
8.5% and from 18.0 to 9.0% (Zhou et al., 2016), respectively,
from which we infer that these two minerals contributed to the
slow-reacting Pool B of Mg (Figure 5b).

4.4 Source minerals of K and Na release

The release of K was one order of magnitude higher than that
of Na (Figure 4c,d), although the total concentrations of both

elements were similar in the parent material (Table 1). In line
with the findings of Basdediós et al. (2022), the size of the
Pools A and B of both elements did not correlate with site age,
although the slow-reacting Pool B of K showed a marginally
significant (p < .1) decreasing trend that may become more
pronounced in the longer term (e.g., Lichter, 1998).

The finding that the fast-reacting Pools A of K and Na
were consistently larger than their respective exchangeable
pools (Figure 6c,d), indicated the presence of reactive K and
Na pools in the soil that were not salt extractable. A possi-
ble source of this reactive K might be the interlayers of clay
minerals, which can contain substantial, not salt-extractable
K concentrations but can be easily weathered (Falk Øgaard &
Krogstad, 2005). Extensive depletion of interlayer K in clay
minerals might also have contributed to the decrease in the
K release rate constants of the slow-reacting K pool (kb_K)
with age (Table 2), because the release of interlayer K usu-
ally decreases when the concentration of K in soil solution
increases (Hinsinger & Jaillard, 1993). The small fast-reacting
pool of Na might be related to the presence of low concen-
tration of Na carbonates in the glacial debris (Zhou et al.,
2016).

With increasing site age, the K release from the slow-
reacting K pool decreased (Table 2) indicating that less
primary K was delivered into the soil solution. We attribute
the large slow-reacting K pool to the weathering of min-
erals such as biotite, which also released Mg (Figure 5b,c)
and muscovite. The slow-reacting Na pool was also consis-
tently larger than the fast-reacting Na pool and increased
marginally significantly with increasing Na concentrations in
the soil indicating that most of the Na present in the study
soils was associated with weathering-resistant minerals, such
as Na-rich feldspar and augite. Interestingly, the significantly
largest Pool B of Na at the 57-yr site (Figure 5d) was con-
sistent with the report of Zhou et al. (2016) that at this site
the augite concentration in topsoil was with 5.9% the high-
est along the chronosequence. The other soils only contained
2.1–3.1% of augite. This supports our assumption that augite
contributed to the slow-reacting Pool B of Na. Moreover, in
granitic substrates, plagioclases (Ca and Na feldspars) are usu-
ally faster weathered than K-feldspars (Grant, 1962), while the
Ca-rich end member of the plagioclases dissolves faster than
the Na-rich end-member (Palandri & Kharaka, 2004), con-
tributing to the more rapid release of Ca than Na along the
chronosequence (Figure 4). The faster release of Ca might also
explain why stream water samples in the Hailuogou region
were dominated by Ca, while Na only accounted for a small
proportion of the dissolved base cations (Zhou et al., 2016).
Therefore, we infer that the weathering of Na-containing min-
erals along the Hailuogou chronosequence released much less
Na than other base cations (Figure 4). As a consequence, the
Na stocks remained almost constant along the chronosequence
(Basdediós et al., 2022).
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1704 BASDEDIÓS ET AL.

5 CONCLUSIONS

Although the Gongga peak is mainly composed of granite
and granitoid rocks, sedimentary rocks in the eastern catch-
ment area of the Hailuogou glacier contribute CaCO3 to the
Hailuogou glacial debris, from which the studied chronose-
quence developed. Calcite was mainly present in the pores
of the metasedimentary rocks as interstitial calcite in the
silicate matrix. We have detected carbonates even in the gran-
itoid rocks, which we attribute to a combination of magmatic
processes with external inputs during rock formation.

The fast initial weathering of carbonates determined the
rapid initial Ca release. The Mg release was, in contrast,
closely correlated with Fe and Al release, but not with the
carbonate concentrations, indicating that most of the released
Mg was associated with silicate weathering. The sizes of the
fast-reacting pools of Ca and Mg mostly matched the sizes
of their respective exchangeable pools. The slow-reacting
pool of Mg was considerably larger than the fast-reacting
pool of Mg, which indicated that Mg was generally stored
in more stable minerals than Ca, such as in biotite and
hornblende.

The main sources of weathered K and Na were silicate min-
erals. The release of K was one order of magnitude higher than
that of Na, although the total concentration of both elements
were similar in the parent material. With increasing site age,
the K release from the slow-reacting K pool slowed down so
that increasingly less primary K was delivered into the soil
solution. The weathering of Na-containing minerals along the
Hailuogou chronosequence released little Na so that the Na
stocks remained nearly constant during the 127-yr succession.

Our results suggest that the fast weathering of carbonates
in the otherwise acidic, granite-dominated glacial till allowed
for a fast initial delivery of Ca, succeeded by an increasing
weathering of silicates with decreasing pH and a subse-
quent delivery of other nutrients including K and Mg could
have facilitated the fast vegetation succession. The slower
base cation release after the carbonates had been completely
leached, fell together with a change of the forest composition
from deciduous to coniferous with a lower nutrient demand.
Thus, the vegetation development seemed to be synchronized
with the weathering regime.
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