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Bulk chemical composition and mineralogy were examined in three soil profiles and a deeper 11-meter profile
weathering on a granite ridgeline under subtropical climate conditions in south China. The weathering sequence
is delineated by mineralogy and major element variations. Apatite, biotite, hornblende and plagioclase dissolve
early during weathering, resulting in nearly 100% Ca and Na loss and significant Mg, Fe and P depletion at
depth. The K-feldspar reaction front begins at the depth of depletion of plagioclase, leading to a loss of ~80% of
the K at the land surface near the bottom of the ridgeline and almost 100% at the top. Dissolution of quartz and
other silicates releases about 60% of Si in the profiles. Kaolinite is the dominant clay mineral and it transforms
to gibbsite in the uppermost layer. The soil horizon (upper 100 cm) is the zone dominated by pedogenic process-
es, including active biological activity, physical erosion and influx of high concentrations of atmospheric compo-
nents (especially CO2 and O2). The pedogenic processes are characterized by low pH (~4.54 to 5.85), high clay
content (kaolinite: 6–16 wt.%; gibbsite: 2–8 wt.%) and total organic carbon content (0.13–3.93%) and intensive
fracturing and dissolution of quartz and K-feldspar compared with the lower horizons.
Accumulation of organic material and resistant minerals downslope is attributed to down-ridge movement of
water (termed here, interflow) and weathering products in the uppermost 100 cm down the ridgeline. Using a
mass balancemodel calculation for the catena that assumes steady-state soil thickness at all sites, the bottompro-
file shows the highest apparent total chemical weathering loss rate (~14 g m−2 y−1) whereas the middle posi-
tion shows the highest physical erosion loss rate (~44 g m−2 y−1). SiO2 accounts for about 84% of the chemical
weathering outflux from the soil horizons along the ridgeline hillslope. Chemical weathering rates at the bottom
of the hillslope may be accelerated by high concentrations of organic material and by dissolution of kaolinite.
This study demonstrates that mineral reaction fronts in granite become separated over depth intervals of meters
and that elemental fluxes and release mechanisms vary with position along a ridgeline catena.
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1. Introduction

Weathering is the major process of mass transfer from continent to
the ocean (Bouchez and Gaillardet, 2014), and also is a key process con-
trolling the global cycling of carbon, and the nutrient supply to ecosys-
tems. Continental weathering, silicate chemical weathering in particular,
converts atmospheric CO2 into alkalinity and on a global scale influences
ocean chemistry and imposes a net drawdown of atmospheric CO2 that
modulates global climate (Walker James et al., 1981; Berner et al., 1983;
Volk, 1987; Dupré et al., 2003). Long term climatic evolution is driven
by the balance between solid earth degassing and continental silicate
weathering (Goddéris et al., 2008).
.

Catchment and soil profile studies are two types of studies that ad-
dress questions related to silicate weathering by studying systems in
3-dimensions or 1-dimension respectively. For example, the geochem-
istry of riverine dissolved loads has been widely used to quantify mate-
rial fluxes including C on regional and global scales (Gaillardet et al.,
1999; Dessert et al., 2003; Bouchez and Gaillardet, 2014 and reference
there). However, rivers are natural integrators of the weathering and
erosion processes in their drainage areas;multiple factors are synthesized
in river loads. To understand the details of weathering, it is necessary to
explore weathering in pedogenic profiles in the river basins. Profiles of
regolith can provide a long-term record of the Earth's Critical Zone
(Brantley and Lebedeva, 2011). Researchers explore the weathering
mechanisms, material transport, and controlling environment factors for
silicate weathering process. Pioneering weathering studies at the profile
scale have recently focused on basalt (Prudêncio et al., 1993; Rye and
Holland, 2000; Ma et al., 2007; Ma et al., 2010a; Babechuk et al., 2014),
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shale (Manikyamba et al., 2008; Tuttle and Breit, 2009; Jin et al., 2010;Ma
et al., 2010b; Jin and Brantley, 2011; Ma et al., 2011) and granite (see the
references in the following paragraph). Mineralogical, geochemical and
geophysical methods have been integrated for the regolith evolution
study (Braun et al., 2009).

Granitic rocks are important subjects for the study of continental
weathering since the Earth's upper continental crust is known to be,
on average, of granodioritic composition (Taylor and McLennan, 1985;
McLennan, 2001; Hurowitz et al., 2006). In fact, granitic rocks constitute
~25% of the land surface of the upper crust (Oliva et al., 2003). Numer-
ous elements and isotopic indices have been proposed to characterize
and quantify chemical weathering processes of granite (Law et al.,
1991; Mongelli, 1993; Blum and Erel, 1997; Minařı ́k et al., 1998;
Land and Ohlander, 2000; White et al., 2001; Jeong and Bin Kim,
2003; Kirschbaum et al., 2005; Négrel, 2006; Ceryan et al., 2008;
Duzgoren-Aydin and Aydin, 2009; Pett-Ridge et al., 2009; Shalkowski
et al., 2009). Previous studies on granite weathering environments
emphasize that the dependence between temperature and runoff,
and chemical weathering is complicated by the presence/depth of
soil cover (Oliva et al., 2003). The effects of weathering on major
and trace element distributions through profiles are extensively
studied in previous documents in order to elucidate weathering
and erosion processes (Nesbitt, 1979; Middelburg et al., 1988;
Burkins et al., 1999; Turner et al., 2003; Kamei et al., 2012). Most
studies have been conducted by assessing a pedogenic profile for
its geochemical variations (so-called “one dimensional weathering”
(Jin et al., 2010)). Only a few studies have focused on the distribu-
tion of pedogenic profiles on granite in two-dimensions (catena)
or in three dimensions (a catchment). Notable studies of granite
weathering across hillslope scale include quantification of chemical
weathering rates for soil-mantled hillslopes in New South Wales,
Australia (Green et al., 2006; Yoo et al., 2007) and chemical transfer-
ring along catenas in southern Africa (Bern et al., 2011; Khomo et al.,
2013).

Understanding the solute fluxes out of granitic systems, as recorded
in the profiles across a landscape, is a key problem in Earth's Critical
Zone evolution research. This study is designed to investigate the evolu-
tion of a granite ridgeline hill slope located in subtropical climate by
examining bulk chemical composition, mineralogy and weathering
characteristics of a series ofweatheringprofiles distributed along a slop-
ing ridgeline located in south China. This catena is a transect along the
roughly sloping ridgeline. The warm and humid climate and gently
hilly landforms in the study area are favorable for chemical weathering,
making it an ideal site for granite weathering process research. Detailed
discussions of coupledmineral and element variation and their implica-
tion onweathering reaction fronts during granite process are presented.
Lateral transport flux of materials, weathering and erosion rate along
the hillslope are calculated for the soil horizon of the catena and are fur-
thermore explored for granite weathering impacting factors.

2. Materials and methodology

2.1. Geology and climate background of study area

The studied hill is in Longnan, Jiangxi province, south China. Jiangxi
province is located predominantly in the region of lower montane
wet forests, with moderate relief and an average elevation of 300–
400 m. The mean annual temperature is 11.6–19.6 °C and the
mean annual precipitation is around 1600 mm. The rainfall is distributed
unevenly through the year, with more than 50% of the precipitation dur-
ing April to July. The studied region has well-developed vegetation in a
subtropical moist rainy climate.

The profiles are located on a hill on the Yanshanian granite complex.
The hill is part of a granitoid complex in East Nanling Region, with an out-
crop area ofmore than400km2. The granitoid complex is reported as anA
type granite, composed of a K-feldspar granite and accompanying syenite
(Fan and Chen, 2000). The Rb–Sr isochron age of this K-feldspar granite is
178.2±0.84Ma (Fan and Chen, 2000). The bedrock granite ismedium to
coarse grained and dominated by phenocrysts of quartz, K-feldspar and
plagioclase and by smaller amounts of biotite, hornblende and chlorite
as observed in hand specimen of bedrock. Sinian–Cambrian sandstone
and mudstone, the Devonian–Triassic clastic and carbonate rock, and
the Indo-China epoch granite are located to the east, south and west of
the granitoid complex respectively. Late Cretaceous red bed sediments
cover part of the complex in the north (Fan and Chen, 2000; Chen et al.,
2004; Li et al., 2007).
2.2. Field observations and sampling

Thedeepest study profile (JLN-S1) is located near the bottomof a hill
(elevation of land surface=210m) and is exposed in a road cut (Fig. 1).
Three additional soil profiles (JLN-S2, S3, S4) were sampled along the
ridgeline hill slope above the outcrop, and all are developed on the
Yanshanian granite complex. The uppermost elevation of the first-
order channel that hosts a perennial stream in this very small catchment
is 246 m; the outlet of the stream is at the road close to JLN-S1. The
stream is incising bedrock along the entire channel. A spring was ob-
served at 214 m elevation, between JLN-S1 and the stream. In addition
to the outcrop samples and soil samples, bedrock samples that appeared
fresh and unweatheredwere sampled (Fig. 1). Specifically, four bedrock
samples were collected close to the bottom of the weathering profile
JLN-S1 in the streambed.

The road-cut profile JLN-S1, exposed at the bottom of the hill, is an
1100 cm deep in-situ granite weathering profile, with upwardly in-
creasing alteration extent. We follow the definitions of layers used by
Pavich et al. (1989): bedrock (unaltered protolith); weathered rock
(firm, brittle, altered rockmaterial that is difficult to excavate); saprolite
(weak, easily excavated with a shovel material that has the texture and
structure of the bedrock); massive subsoil (soil-like material that does
not demonstrate layering or structure of bedrock); and soil (layered
material that does not show bedrock structure). The lower boundary
of soil in this profile (i.e. the depth where a transition occurs from lay-
ered soil-like material to massive, unlayered, largely immobile and in-
place material that does not retain evidence of the original structure of
the rock) can be observed at a depth of about 100 cm in the field. The
section above 100 cm of JLN-S1 is characterized by a loose texture,
higher amount of sticky clay mineral, and brown to red coloration.
There is a quartz vein at the depth of 170–190 cm, and a vein dominated
by plagioclase at a depth of around 700 cm.

The four bedrock samples collected close to the bottom of the JLN-S1
weathering profile in the streambed appeared to be good samples of
parent material based on their mineral composition and texture. Bulk
composition, mineralogy and low values of Loss on Ignition (LOI) are
consistent with the inference that these samples provide a good esti-
mate of parent rock composition (see in Section 3.3). Gradual alteration
of the parent rock to saprolite upward and formation of soil at the top
was easily observed in the field (see description in caption of Fig. 1).

Higher on the catena are JLN-S2 (located 24m upslope from JLN-S1,
at the elevation of 240 m) and JLN-S3 (36 m from JLN-S1, at the eleva-
tion of 250 m), both located at the middle of the hill along the ridge,
and JLN-S4 that is located at the hill top (63m from JLN-S1, at the eleva-
tion of 260 m). These three soil profiles were sampled to 120 cm deep
(Fig. 1). The soil profiles share similar color and texture features with
the upper part of JLN-S1. The four profiles were thus considered as a ca-
tena that demonstrated weathering along the ridgeline hillslope.

JLN-S1was sampled from top to bottomover its entire 1100 cmspan
by digging inward by about 100 cm into the original exposed vertical
surface. The depth interval for each sample was decided in the field
based on texture and color changes in the profile (see Table 1). The
deepest incipient weathering (interface between bedrock and weath-
ered rock) layer was defined to occur above the layer that showed



Fig. 1.A photograph, site locationmap, and cross section of the profiles. Field observations for profile JLN-S1 include the following: below 400 cmdepth, theweatheringmaterial is white-
gray colored,with a texture indicative of primarymineralweathering, aswell as coarse, angular quartz fragments and grains; from400 to ~200 cm, theprofile consists of yellowand brown
massive soil with smaller quartz fragments and with almost total disappearance of feldspar; above 200 cm, the massive soil color changes from brown to red-brown, and the texture
becomes stickier upwards; above 100 cm, the color turns darker brown and the texture turns stickier. In this uppermost layer, quartz fragments are smaller and appear to be broken.
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i) little apparent mineralogical change as observed visually, and ii) was
observed to be very hard with respect to peening by a hammer.

Three soil profiles (JLN-S2, S3, S4, 120 cm deep) show generally the
same color and texture as the upper 120 cm of JLN-S1 observing visual-
ly. For each of the profile, a pit was dug and then the soil samples were
collected from the bottom upward to the surface of the profile. Each
sample represents a 5 centimeter depth interval. About 1.5 kg of mate-
rial was taken for each sample.

2.3. Analytical procedures

2.3.1. Basic physical and chemical analyses
Samples for soil density measurement were collected with 100 mL

cutting rings. The samples in the rings were transferred into pre-
weighed beakers and dried at 105 °C in the laboratory. Bulk density was
calculated from the volume andmass of each dried sample. Several pieces
of dry rock for each bedrock sample were weighed and their volumes
were measured by water displacement. Then each rock piece density
was determined and they were averaged to get the sample density.

Values of pH were determined on 1:2.5 soil:CO2-free pure water
mixtures with a Sension 156 multiple-parameters analyzer from
HACH. Soil cation exchange capacity (CEC) was determined as all the
exchangeable cations (e.g., K+, Na+, Ca2+, Mg2+, NH4

+, H+, Al3+)
contained in the soil (cmol(+)/kg), at a given pH value (=7) (potential
CEC). Here, cmol(+) means 10−2 mole positive charge.

CEC indicates the cation contents occupied by the claymineral inter-
layers. It was analyzed by the AmmoniumAcetate (NH4OAC)Method at
pH 7.0 (Modified from Pansu and Gautheyrou, 2007): the sample was
first NH4

+-saturated bymixing it with 1MNH4OAC (pH 7.0). The super-
natant was collected and analyzed for dissolved species by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Mleachate in
cmol(+)/kg soil, represents the cation content leached by NH4OAC
from each kg soil). The residue was processed to calculate CEC. The re-
sidual soil was treated with 95% alcohol to remove excess NH4OAC
and then rinsed into a Kjeldahl flask. Then, solid MgO was added and
the mixture was distilled. Finally, the distilled NH4

+ from the Kjeldahl
flask was absorbed by boric acid solution, and titrated with HCL. CEC
was calculated as the amount of NH4

+ that each sample released.
The soil base saturation (BS)was calculated as the amount of soil ex-

changeable non-acid-causing base ions expressed as a percentage of the
soil cation exchange capacity (Bloom and Skyllberg, 2011):

BS ¼ Kþ
leachate þ Naþleachate þ Ca2þ leachate þMg2þleachate

� �
=CEC

� 100%: ð1Þ

K+
leachate, Na+leachate, Ca2+leachate, and Mg2+ leachate are the concentra-

tions (in cmol(+)/kg soil) of the supernatant collected in the CEC
procedure.

Grain size analysiswas conducted by lasermethod on aMalvern 2000.

2.3.2. Mineral composition analysis
Mineralogical analysis was completed using X-ray diffraction (XRD,

D/Max-2400). The instrument parameters were: CuK, 40 kV, 60 mA,

Image of Fig. 1


Table 1
pH value, density and grain size composition of JLN-S1 weathering profile.

Sample
no.

Depth
(cm)

Density
g/cm3

pH
value

Grain size composition (%)

20–2000 μm 2–20 μm b2 μm

JLN-S1-01 0–20 0.88 4.65
JLN-S1-02 20–30 1.25 4.75
JLN-S1-03 30–40 1.30 4.91 30.5 40.65 28.85
JLN-S1-04 40–50 1.40 4.91 28.44 39.53 32.03
JLN-S1-05 50–60 1.27 4.98 38.74 32.51 28.75
JLN-S1-06 60–70 1.38 5.06 36.8 30.59 32.6
JLN-S1-07 70–80 1.41 5.18 33.48 41.94 24.59
JLN-S1-08 80–90 1.40 5.2 31.39 41.34 27.27
JLN-S1-09 90–100 1.50 5.27 50.54 31.99 17.47
JLN-S1-10 100–110 1.41 5.34 42.83 35.33 21.84
JLN-S1-11 110–120 1.34 5.27 55.72 27.86 16.42
JLN-S1-12 120–130 1.37 5.32 53.23 29.36 17.41
JLN-S1-13 130–140 1.36 5.34 56.19 28.11 15.7
JLN-S1-14 140–150 1.39 5.36 49.81 32.06 18.13
JLN-S1-15 150–160 1.38 5.42 55.11 29.6 15.29
JLN-S1-16 160–170 1.27 5.48 46.52 35.32 18.16
JLN-S1-17 170–180 1.35 5.6
JLN-S1-18 180–190 1.49 5.49
JLN-S1-19 190–200 1.36 5.76 60.55 25.37 14.07
JLN-S1-20 200–220 5.72 53.28 30.46 16.25
JLN-S1-21 220–240 5.76 67.71 21.52 10.77
JLN-S1-22 240–260 5.7 61.34 26.01 12.65
JLN-S1-23 260–280 5.71 62.84 25.6 11.56
JLN-S1-24 280–300 5.76 58.21 29.37 12.41
JLN-S1-25 300–320 6.16 67.27 23.36 9.37
JLN-S1-26 320–340 6.24 64.05 26.24 9.71
JLN-S1-27 340–360 6.2 72.18 20.7 7.12
JLN-S1-28 360–380 5.88 86.06 10.89 3.05
JLN-S1-29 380–400 6.05 93.2 6.8 0
JLN-S1-30 400–420 6.18 90.39 8.11 1.5
JLN-S1-31 420–440 6.07 88.13 9.95 1.92
JLN-S1-32 440–460 6.26 95.06 4.94 0
JLN-S1-33 460–480 6.3 95.17 4.83 0
JLN-S1-34 480–500 6.23 94.76 5.24 0
JLN-S1-35 500–520 6.17 91.78 8.22 0
JLN-S1-36 520–560 6.23 92.64 7.36 0
JLN-S1-37 560–580 6.2 92.84 7.16 0
JLN-S1-38 580–600 6.29 88.8 9.41 1.8
JLN-S1-39 600–620 6.4 83.1 13.85 3.06
JLN-S1-40 620–640 6.38 86.56 11.51 1.93
JLN-S1-41 640–660 6.09 88.79 9.22 1.99
JLN-S1-42 660–680 6.2 75.21 20.64 4.15
JLN-S1-43 680–700 6.5 87.63 10.57 1.8
JLN-S1-44 700–720 6.31 91.85 8.15 0
JLN-S1-45 720–740 6.38 85.96 11.76 2.28
JLN-S1-46 740–760 6.4 89.48 8.82 1.7
JLN-S1-47 760–780 6.43 85.24 12.22 2.54
JLN-S1-48 780–800 6.34 88.45 9.64 1.91
JLN-S1-49 800–850 6.49 80.66 15.85 3.49
JLN-S1-50 850–900 6.49 81.89 14.74 3.37
JLN-S1-51 900–950 6.64 82.53 14.23 3.24
JLN-S1-52 950–1000 6.59 94 6 0
JLN-S1-53 1000–1100 6.68 93.63 6.37 0
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scanning area: 2Q = 2–60, and scanning method: 8°/min. The mineral
weight contents were calculated by Rietveld refinement of powder
X-ray diffraction patterns.

2.3.3. Major composition analysis
Themajor element bulk compositionwas analyzed using X-ray fluo-

rescence (Axios XRF): results were expressed as, SiO2, TiO2, Al2O3, MnO,
MgO, CaO, Na2O, K2O, P2O5, FeOT (including Fe(II) and Fe(III)). Chinese
national standard samples GBW07101-07114 and GBW07295-07429
were used tomonitor the data quality. The best analysis range and accu-
racy for each major composition are given in Appendix A. LOI (Loss on
Ignition) data were calculated from the mass reduction of 1 g soil
combusted at 950 °C by 1 h. All the major element contents listed
above were measured within the optimal analysis range for the Axios
XRF, with the exception of the upper profile samples which had slightly
lower values of Na, Ca, Mg, and Mn contents. These elements were
therefore measured by acid-digestion and determination using ICP-
OES. The Zr content of the bedrock samples was also measured from
the same digestion solution using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).

In this study, the percentage increase or decrease of any element X
content in a profile sample, relative to fresh parent rock was expressed
as PERC. CHANGE (Nesbitt, 1979) as defined below:

PERC:CHANGE ¼ X=Tið Þsample= X=Tið Þparent−1
h i

� 100 ð2Þ

where X and Ti are the concentrations of amobile element and the inert
element Ti respectively; sample and parent indicate the profile samples
and bedrock samples respectively. PERC. CHANGE is equivalent to the
weathering index τ notation (Brimhall and Dietrich, 1987) when
expressed in percentage. In addition, the CIA (chemical index of alter-
ation) was used to denote the weathering extent of the profile samples.
It was first used byNesbitt and Young (1982) to evaluateweathering in-
tensity in sedimentary rocks:

CIA ¼ Al2O3= Al2O3 þ CaO� þ Na2Oþ K2Oð Þ � 100: ð3Þ

In this equation, all constituent concentration data are expressed
in moles/kg. CaO⁎ equals the CaO content in the silicate fraction of the
sample. In the granite rock, Ca was dominantly in plagioclase, and
only present to a minor extent as calcite, apatite and other Ca-
containing minerals (see later discussion). Meanwhile, all the sapro-
lite and rock samples have moles Ca/moles Na b 1, again consistent
with the overall lack of carbonate. Thus no correction was needed
for carbonate in calculating the CIA values (Rudnick et al., 2004).
In this study, we calculate CaO⁎ of the profile samples by the formu-
la: Casilicate = Cabulk − Caleachate. Here, Casilicate, Cabulk and Caleachate
refer to the Ca content (moles/kg) in the silicate fraction of the pro-
file or rock sample, in the bulk sample and in the supernatant from
the CEC procedure respectively.

Dried bulk soil samples were treated with 0.5 mol/L HCl solution for
24 h to remove the inorganic carbon, and then total organic carbon
(TOC) contents were measured with a PE2400-II element analyzer.

3. Results

3.1. Physical and chemical characteristics of the soil andweathering profiles

Grain size variation of JLN-S1 is shown in a depth profile in Fig. 2, as
well as pH, CEC and BS. These major chemical characteristics (pH, CEC,
BS) and soil density for the bulk samples are reported in Tables 1, 2
and 3. Rock density was calculated (2.6 ± 0.3 g/cm2) by averaging the
density for bedrock samples.

The pH values range between 4.54 and 6.68, and generally decrease
upward in all profiles, while CEC values increase upward within a range
of 4.23 to 14.55 (cmol(+)/kg soil). In the roadcut profile JLN-S1, the
trends for these analyses as well as grain size vary much more sharply
above 400 cm than below. The three grain-size fractions (b2 μm,
2–20 μm and 20–2000 μm) are roughly constant deeper than 400 cm
at around 0%, 8% and 90% respectively. Above 400 cm, both percentages
of b2 μmand 2–20 μm fractions increase to about 30–40% at the surface
of the profile while the 20–2000 μm fraction decrease to about 30% at
the top. No other rock fragments larger then 2 mm were observed ex-
cept for some occasional quartz rock fragments.

Some patterns can be seen among the different profiles (Fig. 2). For
example, JLN-S4 (hilltop) shows the lowest pH and BS values compared
to the other profiles. The BS trends differ from profile to profile. BS
ranges from 12.40 to 65.96% in JLN-S1 (foot of the hill), decreasing up-
ward in the profile above 400 cm, while the BS values of JLN-S4 profile
at the top of the hill are in the range of 1.57–27.83%, increasing upward.
The twomiddle profiles JLN-S2 and -S3 show BS values in themiddle of
the range between the hilltop and foot profiles.



Fig. 2. Variations in pH, cation exchange capacity (CEC), base saturation (BS) and grain size composition versus depth (JLN-S1) for the studied profiles as shown in the legend.

Table 2
pH value and density of JLN-S2, JLN-S3, and JLN-S4 soil profiles.

Depth (cm) Sample no. pH value Density g/cm3 Sample no. pH value Density g/cm3 Sample no. pH value Density g/cm3

0–5 JLN-S2-01 0.75 0.95 JLN-S4-01 4.54 1.15
5–10 JLN-S2-02 4.66 1.29 JLN-S3-02 4.93 1.22 JLN-S4-02 4.59 1.28
10–15 JLN-S2-03 4.82 1.29 JLN-S3-03 4.92 1.39 JLN-S4-03 4.59 1.21
15–20 JLN-S2-04 4.88 1.27 JLN-S3-04 5.18 1.39 JLN-S4-04 4.79 1.31
20–25 JLN-S2-05 4.89 1.30 JLN-S3-05 5.11 1.17 JLN-S4-05 4.75 1.25
25–30 JLN-S2-06 4.96 1.32 JLN-S3-06 5.3 1.24 JLN-S4-06 4.84 1.28
30–40 JLN-S2-07 5.08 1.33 JLN-S3-07 5.5 1.16 JLN-S4-07 4.92 1.20
40–50 JLN-S2-08 5.23 1.40 JLN-S3-08 5.62 1.30 JLN-S4-08 4.98 1.26
50–60 JLN-S2-09 5.3 1.44 JLN-S3-09 5.69 1.24 JLN-S4-09 5.02 1.20
60–70 JLN-S2-10 5.36 1.33 JLN-S3-10 5.76 1.25 JLN-S4-10 5.01 1.26
70–80 JLN-S2-11 5.46 1.34 JLN-S3-11 5.8 1.23 JLN-S4-11 5.04 1.24
80–90 JLN-S2-12 5.34 1.28 JLN-S3-12 5.82 1.26 JLN-S4-12 5.09 1.34
90–100 JLN-S2-13 5.4 1.33 JLN-S3-13 5.85 1.20 JLN-S4-13 5.09 1.32
100–110 JLN-S2-14 5.36 1.25 JLN-S3-14 5.48 1.09 JLN-S4-14 5.11 1.31
110–120 JLN-S2-15 5.55 1.36 JLN-S3-15 5.83 1.15 JLN-S4-15 5.16 1.23
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Image of Fig. 2


Table 3
CEC, BS, CIA value and bulk composition of profiles.

Sample
no.

Depth
(cm)

CEC
(cmol(+)/kg)

Exchangeable base
(cmol(+)/kg)

BS
(%)

CIA SiO2

(%)
Al2O3

(%)
K2O
(%)

Na2O
(%)

CaO
(%)

MgO
(%)

FeOT

(%)
MnO
(%)

TiO2

(%)
P2O5

(%)
LOI
(%)

JLN-S1-01 0–20 14.12 1.36 14.16 88.01 62.02 17.90 2.06 0.07 0.04 0.13 4.17 0.02 0.37 0.04 13.81
JLN-S1-02 20–30 9.16 0.92 13.87 91.44 66.96 18.09 1.45 0.04 0.02 0.11 4.28 0.01 0.33 0.03 9.30
JLN-S1-03 30–40 9.06 0.85 12.40 91.98 55.57 25.47 1.92 0.05 0.02 0.17 5.82 0.01 0.43 0.03 11.42
JLN-S1-04 40–50 8.61 0.89 14.23 92.44 64.00 20.86 1.47 0.04 0.02 0.14 4.85 0.01 0.35 0.03 9.15
JLN-S1-05 50–60 8.11 0.89 14.90 92.25 67.64 18.47 1.33 0.04 0.02 0.13 4.30 0.01 0.31 0.02 8.01
JLN-S1-07 70–80 7.66 1.17 22.91 92.42 74.71 14.50 1.00 0.03 0.02 0.10 3.44 0.01 0.24 0.02 5.97
JLN-S1-09 90–100 7.78 1.16 22.49 91.84 77.54 13.30 1.00 0.03 0.02 0.09 3.05 0.01 0.22 0.02 5.42
JLN-S1-11 110–120 6.84 0.78 14.96 90.72 75.10 14.72 1.30 0.04 0.01 0.09 3.21 0.02 0.24 0.02 5.76
JLN-S1-13 130–140 6.33 0.75 16.78 90.15 75.86 14.14 1.33 0.04 0.01 0.08 3.00 0.01 0.23 0.01 5.59
JLN-S1-15 150–160 6.92 0.80 18.18 88.61 67.95 17.98 2.00 0.06 0.02 0.11 3.91 0.02 0.31 0.02 7.28
JLN-S1-17 170–180 6.58 1.28 32.76 89.09 88.36 6.22 0.63 0.02 0.02 0.04 1.51 0.01 0.11 0.01 2.56
JLN-S1-18 180–190 6.46 0.89 21.75 88.67 85.66 7.80 0.84 0.03 0.01 0.06 1.98 0.01 0.15 0.01 3.12
JLN-S1-19 190–200 6.01 0.75 19.42 86.62 78.76 12.26 1.64 0.04 0.02 0.08 2.75 0.02 0.21 0.02 4.63
JLN-S1-20 200–220 6.43 0.73 17.42 86.99 74.60 14.40 1.87 0.05 0.02 0.09 3.24 0.02 0.25 0.02 5.46
JLN-S1-21 220–240 6.30 1.80 51.07 84.99 83.68 9.28 1.41 0.04 0.02 0.06 2.12 0.02 0.16 0.01 3.48
JLN-S1-23 260–280 6.77 1.06 26.22 83.71 73.64 14.95 2.55 0.06 0.02 0.08 3.17 0.07 0.24 0.02 5.28
JLN-S1-24 280–300 7.56 2.15 51.47 84.81 72.81 15.43 2.40 0.06 0.02 0.09 3.37 0.05 0.27 0.02 5.81
JLN-S1-25 300–320 7.49 1.77 42.30 83.49 70.60 16.77 2.85 0.07 0.04 0.10 3.37 0.07 0.27 0.02 6.26
JLN-S1-26 320–340 7.32 2.63 65.96 81.43 70.00 16.96 3.34 0.08 0.04 0.10 3.36 0.08 0.26 0.02 6.18
JLN-S1-28 360–380 5.87 1.71 48.66 74.56 68.69 17.65 5.35 0.11 0.02 0.07 2.94 0.04 0.29 0.02 5.20
JLN-S1-29 380–400 5.74 1.35 35.73 70.25 71.76 15.75 5.88 0.14 0.02 0.07 2.38 0.05 0.26 0.01 4.09
JLN-S1-30 400–420 4.75 1.48 50.17 72.13 68.34 17.19 5.90 0.12 0.02 0.08 3.04 0.06 0.30 0.02 4.78
JLN-S1-33 460–480 4.74 0.73 21.59 72.23 69.60 16.55 5.66 0.11 0.02 0.08 3.26 0.06 0.28 0.02 4.58
JLN-S1-36 520–560 4.36 1.23 42.40 68.94 71.65 15.32 6.13 0.13 0.02 0.06 2.07 0.04 0.21 0.01 3.60
JLN-S1-37 560–580 4.57 1.79 63.31 69.80 69.70 16.57 6.32 0.16 0.02 0.07 2.45 0.04 0.26 0.01 4.11
JLN-S1-41 640–660 6.14 1.67 38.93 66.58 71.41 14.61 6.19 0.34 0.03 0.07 2.58 0.13 0.21 0.02 3.38
JLN-S1-44 700–720 5.89 1.52 41.35 61.64 70.64 15.61 6.49 1.49 0.08 0.07 2.73 0.05 0.23 0.02 2.92
JLN-S1-47 760–780 5.44 1.15 32.19 67.30 71.88 15.51 5.84 0.65 0.05 0.08 2.52 0.08 0.26 0.02 3.48
JLN-S1-50 850–900 4.23 1.57 62.26 66.51 72.67 14.68 6.02 0.47 0.04 0.10 2.51 0.06 0.24 0.01 2.78
JLN-S1-51 900–950 5.43 1.14 35.39 65.17 72.93 14.25 5.84 0.70 0.05 0.10 2.47 0.06 0.23 0.01 3.06
JLN-S1-52 950–1000 4.68 0.97 31.42 59.35 72.77 14.70 6.17 1.90 0.10 0.08 2.25 0.07 0.21 0.02 2.52
JLN-S1-53 1000–1100 4.24 1.37 52.23 57.77 76.33 12.70 5.37 1.94 0.11 0.07 2.01 0.06 0.18 0.02 1.96
JLN-R1 49.76 74.10 12.89 5.24 3.10 0.87 0.18 2.43 0.06 0.20 0.03 0.60
JLN-R2 48.96 73.00 13.07 5.10 3.34 1.02 0.21 2.76 0.07 0.22 0.04 0.48
JLN-R3 49.99 73.58 13.25 5.15 3.19 0.95 0.18 2.37 0.07 0.20 0.04 0.42
JLN-R4 52.37 74.64 12.68 4.68 3.18 0.48 0.21 2.97 0.05 0.24 0.05 0.68
JLN-S2-01 0–5 13.93 1.94 23.71 93.27 66.97 16.05 0.85 0.03 0.07 0.10 3.71 0.02 0.28 0.03 12.55
JLN-S2-02 5–10 10.66 0.63 9.07 94.35 69.45 16.53 0.82 0.03 0.02 0.09 3.85 0.01 0.28 0.02 9.87
JLN-S2-03 10–15 10.29 0.87 13.54 95.31 63.36 20.19 0.80 0.03 0.03 0.11 4.65 0.02 0.31 0.03 11.39
JLN-S2-05 20–25 7.58 0.66 12.85 95.97 65.72 20.51 0.72 0.02 0.02 0.11 4.60 0.01 0.30 0.02 9.33
JLN-S2-07 30–40 8.76 0.42 6.02 95.86 68.04 19.33 0.69 0.02 0.02 0.10 4.27 0.01 0.30 0.02 8.39
JLN-S2-09 50–60 7.25 0.62 11.54 95.62 70.13 18.26 0.71 0.02 0.01 0.08 4.02 0.01 0.30 0.02 7.57
JLN-S2-10 60–70 6.42 0.65 14.21 95.12 76.28 14.57 0.62 0.02 0.02 0.08 3.22 0.01 0.23 0.02 5.85
JLN-S2-13 90–100 6.76 0.59 12.95 94.44 66.54 20.01 1.01 0.03 0.01 0.08 4.24 0.01 0.32 0.02 8.19
JLN-S2-15 110–120 7.03 0.62 12.77 94.07 76.60 14.23 0.76 0.03 0.01 0.06 3.10 0.01 0.23 0.02 5.82
JLN-S3-01 0–5 14.55 1.65 17.97 95.14 68.61 17.86 0.74 0.02 0.03 0.08 3.70 0.02 0.25 0.02 10.01
JLN-S3-02 5–10 9.11 0.82 13.31 95.06 65.40 20.41 0.90 0.03 0.01 0.08 4.33 0.02 0.30 0.02 9.53
JLN-S3-03 10–15 8.25 0.76 13.55 95.75 68.45 19.02 0.69 0.02 0.02 0.09 3.95 0.01 0.25 0.02 8.52
JLN-S3-5 20–25 96.07 66.47 20.50 0.70 0.02 0.02 0.08 4.17 0.01 0.28 0.02 8.77
JLN-S3-07 30–40 7.28 0.68 13.46 95.89 74.42 15.62 0.52 0.03 0.02 0.09 3.15 0.01 0.21 0.02 6.59
JLN-S3-09 50–60 6.85 0.64 13.23 96.12 69.16 18.91 0.65 0.02 0.01 0.07 3.81 0.01 0.27 0.02 7.79
JLN-S3-12 80–90 7.37 0.66 13.04 95.39 67.40 19.96 0.83 0.02 0.01 0.07 3.92 0.02 0.29 0.02 8.09
JLN-S3-15 110–120 5.98 0.59 13.93 94.42 67.96 19.61 1.00 0.03 0.01 0.06 3.83 0.01 0.30 0.02 7.93
JLN-S4-01 0–5 12.97 2.12 27.83 97.63 70.37 16.08 0.25 0.02 0.03 0.09 4.31 0.01 0.30 0.02 9.25
JLN-S4-02 5–10 7.88 1.08 20.77 98.02 71.15 16.35 0.24 0.02 0.02 0.09 4.34 0.01 0.28 0.02 8.09
JLN-S4-04 15–20 9.00 0.39 7.60 98.11 60.14 23.18 0.34 0.02 0.02 0.12 5.84 0.01 0.41 0.02 10.58
JLN-S4-05 20–25 7.41 0.74 15.58 97.99 65.17 20.35 0.29 0.02 0.02 0.11 5.18 0.01 0.35 0.02 9.11
JLN-S4-07 30–40 7.23 0.21 4.68 98.01 62.94 22.23 0.32 0.02 0.03 0.11 5.49 0.01 0.38 0.02 9.81
JLN-S4-09 50–60 6.78 0.13 2.59 98.12 66.81 19.88 0.29 0.02 0.01 0.09 4.86 0.01 0.34 0.02 8.51
JLN-S4-12 80–90 6.84 0.08 1.57 98.29 66.48 20.28 0.27 0.02 0.01 0.07 4.76 0.01 0.34 0.02 8.77
JLN-S4-15 110–120 6.20 0.09 1.90 98.32 65.69 20.86 0.27 0.02 0.01 0.09 4.64 0.01 0.34 0.02 8.91

22 W. Liu et al. / Chemical Geology 427 (2016) 17–34
TOC content (Table 4 and Fig. 3) varies between 0.12 and3.93wt.% C,
showing an increasing tendency upward in all the profiles. Also TOC
content generally decreases for comparable depths from the foot to
the hilltop.

3.2. Major mineral composition of the soil and weathering profiles

Major mineral composition data of the profiles are presented in
Table 5 and their variations versus profile depth are plotted in Fig. 4.
The granitic regolith studied is composed of quartz, feldspars (K-
feldspar and plagioclase), mica and chlorite as the primary minerals,
with kaolinite and gibbsite as weathering products. Mineral composi-
tion in the profiles varied with weathering extent and stages.

Quartz content varies between 26 and 90 wt.% in the profiles.
Quartz content in samples below 400 cm increases slightly upward
in the profile whereas above this depth, the quartz content shows
a fast increase to the depth of 200 cm and then there is a rapid de-
crease upward in JLN-S1. The upper meter sampled in the other
three profiles shows large variations in quartz content (Fig. 4 and
Table 5).



Table 4
Total organic carbon (TOC) content of profile samples.

Sample no. Depth (cm) TOC (%) Sample no. Depth (cm) TOC (%) Sample no. Depth (cm) TOC (%) Sample no. Depth (cm) TOC (%)

JLN-S1-01 0–20 3.93 JLN-S2-01 0–5 3.68 JLN-S3-01 0–5 1.80 JLN-S4-01 0–5 1.25
JLN-S1-02 20–30 1.35 JLN-S2-02 5–10 1.91 JLN-S3-02 5–10 0.68 JLN-S4-02 5–10 0.49
JLN-S1-03 30–40 0.86 JLN-S2-03 10–15 1.84 JLN-S3-03 10–15 0.50 JLN-S4-03 10–15 0.38
JLN-S1-04 40–50 0.66 JLN-S2-04 15–20 1.02 JLN-S3-04 15–20 0.38 JLN-S4-04 15–20 0.41
JLN-S1-05 50–60 0.51 JLN-S2-05 20–25 0.91 JLN-S3-05 20–25 0.28 JLN-S4-05 20–25 0.23
JLN-S1-06 60–70 0.46 JLN-S2-06 25–30 0.47 JLN-S3-06 25–30 0.30 JLN-S4-06 25–30 0.18
JLN-S1-07 70–80 0.28 JLN-S2-07 30–40 0.36 JLN-S3-07 30–40 JLN-S4-07 30–40 0.19
JLN-S1-08 80–90 0.24 JLN-S2-08 40–50 0.27 JLN-S3-08 40–50 0.26 JLN-S4-08 40–50 0.15
JLN-S1-09 90–100 0.23 JLN-S2-09 50–60 0.35 JLN-S3-09 50–60 0.22 JLN-S4-09 50–60 0.22
JLN-S1-10 100–110 0.20 JLN-S2-10 60–70 0.20 JLN-S3-10 60–70 0.19 JLN-S4-10 60–70 0.17
JLN-S1-11 110–120 0.20 JLN-S2-11 70–80 0.16 JLN-S3-11 70–80 0.33 JLN-S4-11 70–80 0.23
JLN-S1-12 120–130 0.23 JLN-S2-12 80–90 0.19 JLN-S3-12 80–90 0.16 JLN-S4-12 80–90 0.13
JLN-S1-13 130–140 0.20 JLN-S2-13 90–100 0.19 JLN-S3-13 90–100 0.15 JLN-S4-13 90–100 0.14
JLN-S1-14 140–150 0.22 JLN-S2-14 100–110 0.19 JLN-S3-14 100–110 0.15 JLN-S4-14 100–110 0.12
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In the weathering profile of JLN-S1, the K-feldspar content is rela-
tively constant (30–45 wt.%) versus depth below 400 cm and then de-
creased sharply to as low as 2 wt.% from the depth of 400 cm upward
(Fig. 4 and Table 5).

In the deepest profile, plagioclase decreases consistently upward to
the depth of 550 cm atwhich point no plagioclasewas present. The pre-
dominant clay mineral is kaolinite and gibbsite in the studied profiles.
Kaolinite contents increase from 4 wt.% at 1100 cm depth to 10 wt.%
at 400 cm in JLN-S1. The samples above 400 cm showed a slight decrease
in kaolinite contents to the surface of the weathering profile. Gibbsite
contents generally rise from 0 wt.% at the bottom of JLN-S1 to 3 wt.% at
the top of it, except for occasional anomalously high values at depths of
about 370 cm and 570 cm. In general, gibbsite is found above 400 cm in
the weathering profile. The hilltop soil profile JLN-S4 has the highest
gibbsite content (5–8 wt.%), nearly twice that of the profiles down the
slope. Chlorite appears in both bedrock and profile samples at a relatively
stable concentration of about 3 to 6 wt.% (Table 5).

In contrast to the middle and bottom profiles, no K-feldspar is
detected in the top soil profile JLN-S4. In addition, the kaolinite and
gibbsite contents of JLN-S4 (8–14 wt.% and 5–8 wt.%) are generally
higher than themiddle and bottom slope profiles (6–16wt.% for kaolin-
ite and 2–3 wt.% for gibbsite) (Fig. 4 and Table 5).
Fig. 3. Total organic carbon (TOC) content plotted versus depth for the four profiles as
shown in legend.
3.3. Major chemical composition of the soil and weathering profiles

Interpretation of parent composition is typically the most difficult
choice in a weathering study because parent composition can change
and can never be definitely inferred. One bedrock sample, JLN-R3, was
selected as the best sample of fresh parent rock for the profiles because
of its low LOI, its mineral type and texture similarity with the bottom
samples of the weathering profile. The CIA value of JLN-R3 is 49.99,
which is in the range of fresh granite and granodiorites (Nesbitt and
Young, 1982). JLN-R3 was used to normalize the mineralogy and ele-
ment alteration of the profiles. Standard of deviation calculation for
the major elements of the four bedrock samples are given in Appendix
B. Zr and Ti are commonly chosen as inert elements in previous studies
where element mobility has been calculated (Nesbitt, 1979; Brimhall
and Dietrich, 1987), for they both reside inweathering resistantminerals
such as zircon and rutile respectively. For Ti, even though rutile weathers,
it readily forms the insoluble Ti-oxides and Fe–Ti-oxyhydroxides (Nesbitt,
1979). Some researchers have argued, however, that Zr is generally more
inert in granitic profiles than Ti. Other than geochemical mobility, hetero-
geneity of the inert element in the parent material should be assessed to
avoid inter-sample error when calculating the PERC. CHANGE of amobile
element. For the granite bedrock samples, zircon is more likely to be dis-
tributed uniformly, while Ti is less likely to be subjected to this issue as it
is muchmore abundant than Zr as amajor element (Nesbitt, 1979). Coef-
ficients of variation for Zr and Ti contents in the four bedrock samples are
0.12 and 0.08 respectively (Zr content data from Liu, 2013 and Zhang
et al., 2015). So, Ti was assumed to be a better candidate for inert element
in this study.

The major chemical compositions of bulk samples (Table 3) were
normalized with respect to Ti (bedrock JLN-R3) and are plotted with
profile depth in Figs. 5 and 6. In the profiles, all the major elements
show different extents of depletion compared to the bedrock samples,
except for Fe in the upper part of the profiles. Fe becomes depleted dur-
ing the incipient weathering stage of granite, but became enriched in
the upper part of the weathering profile and all soil profiles.

Si and Al generally become depleted as weathering proceeds above
200 cm and 100 cm respectively. LOI which indicates H2O and organic
content in weathering product and soil presents an obvious increasing
trend upward the profiles.
4. Discussion

4.1. Mineral weathering reactions and element variations

4.1.1. Staged weathering reactions and cation release
Granite rock is composed of minerals with different resistances to

weathering. This has beennoted since publication of theGoldich chemical
weathering stability series (Goldich, 1938). The overall trends of mineral

Image of Fig. 3


Table 5
Major mineral composition of weathering and soil profiles.

Sample
no.

Depth
(cm)

Quartz
(wt.%)

K-feldspar
(wt.%)

Plagioclase
(wt.%)

Kaolinite
(wt.%)

Gibbsite
(wt.%)

Chlorite
(wt.%)

Sepiolite
(wt.%)

Mica
(wt.%)

Other minerals
(wt.%)

JLN-S1-1 0–20 35 5 0 7 3 ? 5 4
JLN-S1-2 20–30 45 2 0 8 3 5 5 4
JLN-S1-3 30–40 26 7 0 8 3 4 0 0
JLN-S1-4 40–50 42 2 0 7 3 0 0 0
JLN-S1-5 50–60 51 3 0 7 3 5 0 0
JLN-S1-7 70–80 60 2 0 6 2 0 0 0
JLN-S1-9 90–100 80 4 0 6 2 5 0 0
JLN-S1-11 110–120 67 2 0 7 2 0 0 0
JLN-S1-13 130–140 66 3 0 7 2 ? 0 4
JLN-S1-15 150–160 45 4 0 9 2 6 6 4
JLN-S1-15 150–160 48 3 0 8 2 4 0 0
JLN-S1-17 170–180 90 2 0 4 1 0 0 0
JLN-S1-18 180–190 90 2 0 5 1 0 0 0
JLN-S1-19 190–200 69 7 0 7 1 ? 6 0
JLN-S1-20 200–220 55 6 0 8 1 0 0 ?
JLN-S1-21 220–240 73 3 0 6 0 0 0 0
JLN-S1-23 260–280 61 7 0 8 1 0 0 4
JLN-S1-24 280–300 74 8 0 7 1 ? 4 ?
JLN-S1-25 300–320 47 6 0 7 2 0 0 4
JLN-S1-26 320–340 59 12 0 8 0 0 ? 0
JLN-S1-28 360–380 41 24 0 9 5 ? 6 5
JLN-S1-29 380–400 42 36 0 9 2 5 0 ?
JLN-S1-30 400–420 42 30 0 10 2 5 5 5
JLN-S1-33 460–480 45 26 0 8 0 4 ? 5
JLN-S1-36 520–540 50 35 0 6 2 0 0 4
JLN-S1-37 560–580 40 28 2 8 5 6 6 5
JLN-S1-41 640–660 41 33 3 6 2 5 5 4
JLN-S1-44 700–720 36 41 10 5 0 0 0 4
JLN-S1-47 760–780 36 32 4 7 0 6 6 5
JLN-S1-50 850–900 40 36 4 6 ? 5 4 ?
JLN-S1-51 900–950 32 44 8 7 0 6 0 0
JLN-S1-52 950–1000 40 30 12 5 0 6 5 0
JLN-S1-53 1000–1100 38 30 15 4 0 4 4 3
JLN-R1 30 20 25 7 0 6 5 3
JLN-R2 18 18 28 2 0 4 4 15 Hornblende 3
JLN-R3 16 25 27 3 0 3 0 10 Hornblende 5
JLN-R4 32 20 29 3 0 5 5 3
JLN-S2-1 0–5 62 2 0 10 3 5 5 0
JLN-S2-2 5–10 55 1 0 10 3 6 6 0
JLN-S2-3 10–15 46 1 0 10 3 5 0 0
JLN-S2-5 20–25 43 1 0 11 3 5 5 0
JLN-S2-7 30–40 45 1 0 11 3 6 6 0
JLN-S2-9 50–60 49 1 0 12 3 4 0 0
JLN-S2-10 60–70 75 1 0 10 2 5 4 0
JLN-S2-13 90–100 44 1 0 16 2 6 5 4
JLN-S2-15 110–120 68 2 0 10 2 5 0 0
JLN-S3-1 0–5 51 1 0 8 3 5 5 0
JLN-S3-2 5–10 31 2 0 9 3 6 5 0
JLN-S3-3 10–15 49 2 0 11 3 4 0 3
JLN-S3-5 20–25 49 1 0 8 2 ? 0 0
JLN-S3-7 30–40 70 1 0 11 3 6 5 0
JLN-S3-9 50–60 56 6 0 11 2 ? 0 0
JLN-S3-12 80–90 60 1 0 11 2 0 4 4
JLN-S3-15 110–120 36 1 0 8 3 6 6 4
JLN-S4-1 0–5 62 0 0 9 6 6 5 0
JLN-S4-2 5–10 61 0 0 8 6 4 0 0
JLN-S4-4 15–20 31 0 0 13 8 6 5 0
JLN-S4-5 20–25 42 0 0 10 6 6 6 0
JLN-S4-7 30–40 37 0 0 11 7 5 0 0
JLN-S4-9 50–60 46 0 0 10 5 5 0 0
JLN-S4-12 80–90 47 0 0 12 5 6 6 0
JLN-S4-15 110–120 42 0 0 14 5 5 0 0
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and element variation in the deep weathering profile JLN-S1 document
stages in the weathering process of the granite bedrock, i.e., reaction
fronts related to dissolution of different primary minerals. These stages
are documented by the variations in the physical and chemical character-
istics (pH, CEC, BS, grain size, element concentrations).

To interpret weathering first requires the assumption of a rea-
sonable parent composition. As shown in Fig. 5, the bedrock chosen
as parent yields a reasonable estimate of parent when considered
with the entire dataset. In other words, for the most concentrated
elements, the variation of the bedrock is relatively small and these
values bracket much of the data from the deepest depths in the
JLN-S1 profile (i.e., Si, K, Na, Fe, Mn, LOI). In contrast, the variations
in other elements (Ca, Mg, P, Al) are much larger and probably in-
dicative of variation in abundance and/or extent of weathering of
the accessory minerals hornblende (Ca, Mg, Al) and apatite (P).
Both of these minerals have been observed to weather deep in a profile
in the weathered rock in another granitic rock tropical weathering site
(Buss et al., 2008).



Fig. 4. Concentrations of major minerals plotted versus depth for all profiles as indicated in the legend in the first panel.
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4.1.1.1. Mica, hornblende and plagioclase reaction front. In the bedrock
sample JLN-R3, the mica and hornblende composition is 10 wt.% and
5 wt.% respectively (Table 5). The large variability in Ca, Al, and Mg
contents of the rock samples (Fig. 5) is attributed to early weathering
of biotite and hornblende. Using this assumption and the mineralogy
based on the X ray diffractograms, we infer that during this earliest ini-
tial stage of weathering from fresh bedrock to the bottom sample of
weathering profile JLN-S1, the mica content decreased from 10 wt.% to
3 wt.% and hornblende decreased from 5 wt.% to below detection
(Table 5). It is common to observe in granites that these Fe-containing
minerals are the most reactive minerals because they start reacting
and become depleted at the very beginning of the chemical weathering
process (Buss et al., 2008; Navarre-Sitchler et al., 2015). Furthermore,
Buss et al. (2008) have argued that oxidation of biotite is the first reac-
tion to occur in some granitic rocks in the presence of O2-chargedmete-
oric waters. Oxidation of the biotite is accompanied by loss of K to
maintain charge balance.

The plagioclase content also drops (from 27wt.% to 15wt.%) at great
depth: specifically, the depletion occurs between 1100 and 550 cm.
Depth intervals where individual minerals become depleted are
interpreted as zones where they dissolve and are therefore referred
to as reaction fronts. The depletions in mica, hornblende and plagioclase
content document that reaction fronts of these minerals occur at the
deepest depths, and that the Fe-containingminerals weather the earliest.
The reaction front for K-feldspar (discussed below) occurs at much
shallower depths. Previous studies reported similar differences in
weathering resistance for K-feldspar versus plagioclase (Nesbitt and
Young, 1984; White et al., 2001; Navarre-Sitchler et al., 2015).

Ti-normalized depth profiles for Ca, Mg, Al and P are difficult to
interpret because the variability in the rock samples is large (Fig. 5).
We infer that up to 90% of the Ca is lost at the bedrock-weathered
rock interface, and a smaller amount is lost from 1100 to 600 cm. This
could be interpreted as documenting early dissolution of accessory
hornblende (very near 1100 cm) followed by a wide reaction front for
a low-anorthite plagioclase (from 1100 to 600 cm). Loss of Ca is also at-
tributed to dissolution of minor calcite (White et al., 1999) as well as
dissolution of apatite, which is the dominant P-containing mineral
(Middelburg et al., 1988). Although no apatite was detected by
XRD, we infer that the resolution of XRD is too low and that the P
contained in the rock is nonetheless present as apatite (Table 3),
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Fig. 5. PERC. CHANGE of major elements (Ti normalized) and values for Loss on Ignition
(LOI) plotted versus depth for profile JLN-S1 and for bedrock samples. See text for
information about PERC. CHANGE calculation.

Fig. 6. PERC. CHANGE of major elements (Ti normalized) and values for Loss on Ignition
(LOI) plotted versus depth for the three soil profiles JLN-S2, S3, S4.
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perhaps with minor monazite. One interpretation of P variation
in Fig. 5 is that significant loss of P occurred at the bedrock-
weathered rock interface (documented by variability in rock com-
position compared to the weathered material) and retention of P ei-
ther as an insoluble mineral such as monazite or absorbed species
on iron oxides.
4.1.1.2. K-feldspar reaction front. During chemical weathering, while
plagioclase dissolves at great depth, K-feldspar is relatively resistant
(Nesbitt et al., 1980; Middelburg et al., 1988). The plagioclase content
was as high as 27 wt.% in the bedrock. During the plagioclase-
dominated weathering stage (below 550 cm in JLN-S1), the significant
depletion in plagioclase content could explain why weathering-resistant
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minerals such as quartz increase in concentration over some depths
(Fig. 4). In contrast, the K-feldspar content is roughly constant from
1100 to 400 cm but then decreases above 400 cm, with an especially
sharp depletion between 400 and 200 cm. K PERC. CHANGE decreases
sharply from about 0 at the depth of 550 cm to −80% at the depth of
200 cm. The Ti normalized percentage variation of K though the JLN-S1
profile shown in Fig. 5 documents the K-feldspar reaction front from
550 cm to 200 cm. From 200 cm upward, K-feldspar content stays in a
narrow range at about 6–9 wt.% and the depletion of K stays at about
−80%.

4.1.1.3. Quartz reaction front. Quartz shows an increase from 1100 cm
upward to 200 cm (Fig. 4). Over most of the profile, dissolution of feld-
spar dominates the graniteweathering in JLN-S1, explaining the relative
enrichment of quartz in Fig. 4. Based on the quartz and Si PERC. CHANGE
variations in JLN-S1 profile, 200 cm depth is the bottom of the quartz
weathering reaction front; in other words, quartz starts to be removed
out of the weathering system above that depth (Figs. 4, 5). However,
significant fragmentation of quartz is inferred from the grain size varia-
tion (Fig. 2) and field observations indicate that vertical transport of fine
particles of quartz down the profile should also be considered as a po-
tential factor affecting the weathering profile for Si.

4.1.1.4. Kaolinite and gibbsite formation. Kaolinite and gibbsite are the
main secondary minerals in the profiles, with kaolinite dominant.
Kaolinite is the typical product of intensive weathering of feldspar in
tropical and sub-tropical areas where the extent of reaction does not
proceed all the way to gibbsite, particularly on acidic rocks in well-
drained and temperate environments. Gibbsite can also form as a
major end-product of aluminosilicate mineral weathering if time and
conditions allow (Sequeira Braga et al., 2002).

Fig. 4 documents a general increase in kaolinite in the JLN-S1 profile
from about 4 wt.% in the bottom sample to 10 wt.% at 400 cm. Above
400 cm, the kaolinite content slightly decreases to 7–8 wt.% where it
stays constant at shallower depths. In one horizon at 170–190 cm
where we observed a quartz vein in the original granite, the kaolinite
content was lower (4–5 wt.%). As discussed above, from bedrock to
the depth of 550 cm plagioclase is dissolving and from 550 cm upward
to 200 cmK-feldspar is dissolving. The continuously increasing kaolinite
content during the granite weathering is thus attributed to feldspar
weathering.
Fig. 7. Variation in Si/Al molar ratio plotted versus the calculated CIA for the four profiles and b
samples below 360 cm depth in JLN-S1 profile plus bedrock.
In profile JLN-S1, gibbsite increases upward in the profile above
400 cm (Table 5), a depth which coincides with the depth where kaolin-
ite begins decreasing. It is reasonable to assume that 400 cm is the bottom
of the reaction front where kaolinite transforms to gibbsite. So, kaolinite
variation above 400 cm is not only influenced by feldspar weathering,
but also by desilication and conversion of kaolinite into gibbsite, releasing
Si from the profile. Consistent with this, the b2 μm fraction, which is typ-
ically assumed to be dominated by clay minerals in previous research
(Bengtsson and Stevens, 1998; Hassellöv et al., 2001; Pehlivanoglou
et al., 2004), increases constantly upward from the depth of 400 cm
(Fig. 2).

For the profile samples with CIA b 85 (i.e., below 360 cm), the Si/Al
values are negatively correlated with CIA (Fig. 7). As weathering pro-
ceeds, feldspars weather and clay minerals form, resulting in a decreas-
ing Si/Al ratio (Robert and Tessier, 1992). No obvious relationship with
CIA and stoichiometric release of Si and Al are observed for the samples
above 100 cm(Fig. 7). The relatively stable and low feldspar contents, in
addition to the variations in kaolinite contents between 6 and 8 wt.%
(Fig. 4 and Table 5), indicate that feldspar weathering is not the domi-
nant control on the Si/Al ratio for samples above 360 cm. From the
grain size variation along the weathering profile (Fig. 2), the decrease
in the 20–2000 μm fractions and the synchronous increase in the
b2 μm and 2–20 μm fractions from 400 cm upward are consistent
with both fragmentation of primary minerals and formation of second-
ary minerals. Downward transport of fine particles of quartz and
K-feldspar in the upper part of the profiles might also contribute to
the Si/Al ratio variations. Low pH values (below 5), organic ligands
and degree of fragmentation (Figs. 2 and 3) all can promote the dissolu-
tion of quartz and K-feldspar, as well as the kaolinite–gibbsite transfor-
mation, therefore impacting the Si/Al ratio variation in this upper zone
of the profile.

The dominant reactions according to themineral andmajor element
variations are summarized below (the left side of each formula is the
mineral in the weathering profile or bedrock; the right side of each
formula summarizes the secondary product and released cations;
no attempt is made to balance the reactions). A weathering reaction
sequence and the approximate depth for reaction boundaries in the
weathering profiles JLN-S1 are delineated in Fig. 8:

I. Apatite → Ca2+ + PO4
3−

II. Plagioclase → kaolinite + H4SiO4 + Na+ + Ca2+
edrock samples, as indicated in legend. A regression equation is shown for the data for the
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Fig. 8. Schematicfigure showing the zonation in theweathering reaction sequence and the approximate depths for reactions in profile JLN-S1. Theweathered rock zone is characterized by
dissolution of biotite, hornblende, and apatite, and initiation of plagioclase dissolution; the saprolite zone is dominated by plagioclase dissolution and initial K-feldspar dissolution; the
massive soil is dominated by later stage of K-feldspar weathering and clay mineral transformation; the soil zone is where quartz is observed to be the dominantly dissolving primary
mineral and where obvious bio-turbation is noted. The crosses symbolize the fresh granite bedrock. The solid lines in the profile at about 400 cm and 100 cm depth indicate the
boundary of saprolite, massive soil and soil.
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III. Biotite → kaolinite + H4SiO4 + Mg2+ + K+ + Fe2+ + Fe oxide
IV. Hornblende → kaolinite + H4SiO4 + Ca2+ + Na+ + Mg2+ +

Fe2+ + Fe oxide
V. K-feldspar→ kaolinite + H4SiO4 + K+

VI. Kaolinite → gibbsite + H4SiO4

VII. Quartz → H4SiO4.
4.1.2. Plant nutrient element evolution on the upper horizon of weathering
profiles

The reactions in Fig. 8 explain much of the element variations in the
profiles. Feldspar transforming to clays accounts predominantly for al-
kalis and alkaline earth release from the profile (except for Mg), and
also accounts for much of the Si and Al loss. Fe-containing minerals
weather earliest, and are followed by plagioclase weathering, followed
by K-feldspar. Accessory mineral weathering dominantly explains the
Mg, Mn and P release at the early weathering stage. However, there
are other environmental factors like redox conditions, biological uptake
etc., which are likely important in the weathering profile.

As variable valence elements, Fe and Mn are controlled not only by
the weathering of their dominant host mineral but also by the redox
and drainage conditions through the profile (Driese, 2004) and bio-
logical activity. For example, Fe variations were similar to Mn in the
weathering stage below 400 cm depth (Fig. 5). From the bottom up in
the JLN-S1 profile, the PERC. CHANGES of Fe and Mn show a decreasing
tendency as weathering proceeds except for a few anomalies. The
anomalies are likely related to variations in Mn- and Fe-hosting min-
erals in the protolith granite. However, above 400 cm, the two elements
show some discrepancy.
For example, the Fe PERC. CHANGE increases from about −20%
around 400 cm depth to +20% at around 100 cm and then decreases
constantly to about −5% in the surface sample of JNL-S1 (Fig. 5). To
first approximation, then, Fe is largely retained in this weathered pro-
file. However, variations in Fe content with depth are well known to
occur due to movement of the Fe within a profile (Fimmen et al.,
2008). As an essential nutrient for plants, active bio-pumping by vegeta-
tion might be an explanation for concentrated Fe in the shallow hori-
zons of the profile. In bio-pumping, plants uptake Fe from the profile
into roots and give the mineral nutrient back to the profile at the land
surface after decaying. Unlike K, Ca, andMg that are readily transported
out of the profile by soil solutions, Fe may be concentrated as insoluble
secondary Fe oxides as the profile develops (White et al., 2008). In
addition, above 100 cm, the high TOC content (Table 4. and Fig. 3) docu-
ments strongbiological activity, perhaps also driving someFe reduction in
this zone. In that case, Fe3+ would be reduced to Fe2+, which then could
be released from the profile (Chesworth, 1992). Alternately, organic com-
plexation of Fe(III) can also remove Fe from aweathering system (Millero
et al., 1995; McKnight et al., 2001; Brantley et al., 2014; Fujii et al., 2014).
Thus, Fe may be mobilized from upper layers of the profile and then be
oxidized at depth, or the organic ligand may be decomposed at depth,
causing Fe enrichments in the subsurface: this conceptual modelmay ex-
plain the maximum enrichment factor of nearly 20% at about 100 cm
depth. The ratio of oxidant supply to the rate of acid supply is the key fac-
tor controlling the release or retention of Fe in the weathering profile
(Holland and Zbinden, 1988).

In contrast to the Fe-enrichments in the upper layers of the profile,
Mn PERC. CHANGE shows a peak in the 270–400 cm depth interval
and then decreases upward to about−90% at around 200 cm. In other
words, 90% of the Mn in the upper layers is depleted with respect to
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the bedrock. Similar to Fe, the behavior of Mn is generally controlled by
organic complexation, redox and biological activity. Mn(II) is easily
mobilized into solution, while Mn(IV) tends to reside in oxide or
hydroxides which are nearly immobile (Holland and Zbinden, 1988).
It is reasonable to ascribe the concentrated Mn in the depth interval
from about 270 to 400 cm to loss of Mn from the upper layers due to or-
ganic complexation or bacterial reduction reactions, decomposition of
organic ligands and oxidation of the Mn followed by precipitation of
Mn(IV) oxides or hydroxides. Loss of Mn from deeper depths can be at-
tributed to loss of themore soluble Mn(II) species under more reducing
conditions at depth.

The different depths of retention or depletion for Fe and Mn could
result from differences in their redox properties, solubilities as a func-
tion of oxidation state, differences in vegetation uptake, and differences
inweathering products.More comprehensive illumination of Fe andMn
oxide dissolution, organic complex leaching and biotic accumulation is
beyond the scope of this paper.

P is also a macronutrient for plants. The profile is inferred to have
lost about 60% of the P at the early weathering stage presumably due
to apatite dissolution. P PERC. CHANGE stayed at about −60% in the
profile, increasing slightly to the surface. The relatively constant P con-
tent ismost likely because i) a second primarymineral such asmonazite
contains P in the bedrock and is retained even when apatite is dissolved
away, and/or ii) P is absorbed tightly to iron oxides in the weathered
profile. Growing vegetation also likely takes up P and then decays and
releases it back to the profile over time.

4.2. Lateral movement of soil materials along the hillslope

Lateral movement of weathering products down the ridgeline tran-
sect is inferred from the concentrations of the more resistant minerals
K-feldspar and quartz, and possibly from the TOC contents (Figs. 3, 4,
5 and 6). Specifically, a continuous increase in K-feldspar content and
K PERC. CHANGE is observed from the top to the middle soil profiles
and to the upper 120 cm of the bottom weathering profile (Figs. 4, 5
and 6) at the slope bottom. The K-feldspar and K PERC. CHANGE varia-
tions show slightly increasing trends toward the surface in individual
profiles compared with the lower section (Figs. 4 and 5). We interpret
these data to document transport of relatively weathering resistant
K-feldspar from the upper hill down the slope. Quartz is another resis-
tant mineral that may be accumulating due to solid material transport
along the hillslope. The middle profiles JLN-S2 and JLN-S3 have higher
contents of the quartz and increased Si PERC. CHANGE in both profiles
(Figs. 4 and 5). However, the upper 120 cm horizon of JLN-S1 at the
hill bottom does not show an obvious accumulation of quartz, Si and
Al compared with the middle profiles. Quartz content is at least one
Fig. 9. pH in the four profiles plotted versus TOC (
magnitude higher than K-feldspar in the soil profiles (Table 5), so com-
pared with K-feldspar, the extent of quartz particles transported down
the slope might be concealed by the high content of quartz in the soil
or analyzing errors.

TOC content also shows an obvious increasing trend from the hill top
profile JLN-S4 to themiddle slope profiles JLN-S3, JLN-S2 and the lowest
hill weathering profile JLN-S1 (Fig. 3). As the dominant factor control-
ling soil pH (Chesworth, 1992), the accumulation of organic matter
along the hill slope is reflected in the pH variation between the different
profiles (discussed later in Section 4.3). At a depth of about 100 cm, the
TOC contents for all four profiles are similar and very low (from0.14% to
0.23%). Below this depth, TOC remains stable at about 0.22% in JLN-S1
downward until the deepest measured 150 cm sample. Organic matter
is soluble and easily transported with weathering fluid down the slope
and in the individual profile. Considered together with bio-pumping
and the feedbacks discussed for nutrient elements in the JLN-S1 profile
in Section 4.2, 100 cm is believed to be the lower boundary of most ac-
tive pedogenesis for the profiles (Fig. 8). This depth is also inferred to be
the maximum horizon depth at which lateral movement of materials
down the slope could be detected.

4.3. Evolution of pH in terms of weathering reactions and lateral movement

The measured pH values at a given depth for the JLN-S1, S2 and S3
profiles down along the hill-ridge increased. TOC and pH are plotted
in Fig. 9, showing an obvious negative relationship.We infer that organ-
ic matter is the dominant factor or a correlative factor controlling pH in
each soil horizon. For example, CO2 released through root respiration
and organicmatter degradation in soil can increase PCO2

in the soil atmo-
sphere two orders of magnitude higher than atmospheric PCO2

. The pH
can equal approximately 5.7 at equilibrium with atmosphere PCO2

, but
can be as low as 4.5 at the higher PCO2

values in the soil atmosphere
(Chesworth, 1992). We infer that TOC transported down the hillslope
or TOC accumulated at the lower elevations due to less drainage could
be the explanation for the decreasing trend of pH frommiddle soil pro-
files to the bottom. However, the pHmeasured in the top profile JLN-S4
is lower than those measured in the middle profiles, and is closer to
measured values in the bottom profile JLN-S1 (Fig. 2), even though it
has the lowest TOC content. This is likely due to the fact that this upper-
most profile is highly depleted in primary minerals as discussed below.

The pH values in the four profiles are plotted along with BS in Fig. 9.
A positive relationship is observed for the JLN-S1 samples below the soil
horizon. This is attributed to the effect of proton consumption during
weathering of primary silicates. For the middle profiles JLN-S2, S3 and
the soil horizon of JLN-S1, organic acid accounts for most of the acidity
and H+ balances most of the negative charge in the soil, resulting in
left panel) and base saturation (right panel).
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low BS values. However, K-feldspar and occasionally mica are observed
in the soil horizons of JLN-S1 and JLN-S2, S3 (Fig. 4 and Table 5). Those
primary silicates weather in the low pH conditions and release base cat-
ions to the profile, maintaining BS relatively stable around 10% (Figs. 2
and 9). Lacking base cations from weathering of primary silicates,
Al3+ andH+ are inferred to become the dominant exchangeable cations
in the top profile JLN-S4, resulting in low pH compared to the soil hori-
zons down slope.

The hilltop soil profile JLN-S4 shows a negative relationship between
pH and BS. The depletion of primary silicates like feldspar and mica
(Fig. 4 and Table 5) in JLN-S4means that this profile has low base cation
content, and thus a low BS value. The atmospheric cation input could
also have some impact on BS as this is a source of exchangeable base cat-
ions. In the middle and bottom profiles where cation release from pri-
mary silicate weathering is intense, the atmospheric impact on BS
could be relatively insignificant. However, the depletion of primary sil-
icates in the top profile means that the contribution from atmospheric
cations may be relatively important as a contribution to the exchange-
able base cation pool. So BS decreases down the profile while the pH in-
creases following the decrease in organic matter content (Fig. 3).

4.4. Mass balance calculations along the granite hillslope catena

A mass balance model was proposed for hillslope evolution at the
Susquehannna/Shale Hills Critical Zone Observatory (Jin et al., 2010)
following a previous model by Yoo et al. (2007). In that study, the
model was applied to the augerable soil. Here, we use the model
on the upper 120 cm by assuming that layer represents the mobile
soil. In contrast to Jin et al. (2010) where the target hillslope was a
planar interfluve hillslope, here the model is used to treat a ridgeline
that parallels a channel (Fig. 1). We use this model simply as a way to
quantitatively calculate mass balance on the hillslope positions given a
simple steady-state model.

The denudation rates of the four studied profiles were calculated
from cosmogenic nuclide measurements (26Al, 10Be) in another study
(Cui, 2014): for JLN-S1, S2, S3, S4 the rates are 19 ± 2 m/Ma, 40 ±
3 m/Ma, 48 ± 3 m/Ma and 21 ± 1 m/Ma respectively. Thus, for JLN-
S1, the profile thickness (1100 cm) divided by denudation rate (19 ±
2 m/Ma) yields an estimated weathering profile residence time of
0.58 Ma. Likewise for the upper 120 cm horizon in the different sites,
the residence time is less than 0.06Ma, about only 1/10 of theweathering
time estimated by JLN-S1. Both of the time periods aremuch shorter com-
pared with the age of the granite complex (178.2 ± 0.84 Ma, Fan and
Chen, 2000) as expected.

Glacial activity is a possible erosional perturbation for the land-
scapes. The nearest glacial activity is the Quaternary Lushan glacial
which putatively happened locally in Lushan, north of Jiangxi province.
However, the existence of the glacial activity itself is in dispute (Shi,
1982; Xie and Zhijiu, 1983). Furthermore, no reports cite evidence for
its impact on the landscape in the study area. We therefore argue that
it is reasonable to complete the modeling for the catena under the
steady state assumption as articulated by Jin et al. (2010).

As discussed before, JLN-S4 is located on the hilltop and there is no
evidence for other inputs of weathering products into it (other than at-
mospheric input which is ignored in the model). We also assume that
the soil is creeping downslope along this catena, as assumed at Shale
Table 6
Average soil chemistry at each site along the hillslope.

SiO2

(%)
TiO2

(%)
P2O5

(%)
MnO
(%)

Al2O3

(%)
CaO
(%)

Na2O
(%)

HTP 65.87 0.35 0.02 0.01 20.23 0.02 0.02
HMP 69.53 0.27 0.02 0.01 18.25 0.02 0.02
HBP 67.94 0.31 0.03 0.01 17.81 0.02 0.04
JLN-R3 73.58 0.20 0.04 0.07 13.25 0.95 3.19
Hills (Jin et al., 2010). Following Jin et al. (2010), we assume the only
input to the middle and bottom profiles are partially weathered mate-
rials from the upper slope. Lateral movement of material is assumed
to occur from the hill top profile (JLN-S4, referred as HTP (hill top pro-
file) in the model equations) to the hill middle profiles (JLN-S3 and
JLN-S2), and then to the hill bottom profile (JLN-S1, referred as HBP
(hill bottom profile) in the model equations). A hypothetical profile in
the middle point of the slope is estimated by averaging the chemical
composition and the denudation rate of JLN-S2 and JLN-S3, and is la-
beled as HMP (hill middle profile). HTP, HMP, and HBP profiles are
each assumed to represent a box of material transport following Jin
et al. (2010). The length of the box is 21m (1/3 of the distance between
HTP and HBP), and the depth of the box at every point is 120 cm. Using
soil density and the thickness of each sampled interval (Tables 1 and 2),
the values were weight-averaged to estimate the average bulk chemical
composition for each site (Table 6).

Following the hillslope evolution model by Jin et al. (2010), we as-
sume that a steady state exists such that the mass of soil produced per
unit area per unit time (P) is equal to the mass that is transported out
of a given box on the hillslope per unit area per unit time (D). The
mass balance equations for this steady state can be written as follows
for the ridgetop HTP for the immobile (i) and mobile (j) elements:

P ¼ D ¼ Wþ E ð4Þ

PHTPCi;p ¼ EHTPCi;HTP ð5Þ

PHTPCj;p ¼ EHTPCj;HTP þWj
HTP: ð6Þ

P, D, W and E are the soil production rate, total denudation rate
(physical + chemical), chemical weathering rate and erosion rate of
the profile respectively (in gm−2 y−1). Ci, HTP and Cj, HTP are the average
chemical composition of the profile (oxide wt.%) for an immobile
element (here we use Ti) or mobile element (j); Ci,p and Cj,p are the rel-
evant concentrations in the bedrock (JLN-R3). The chemical composi-
tion data for each site and JLN-R3 are summarized in Table 6. Here D
is set equal to the cosmogenic nuclide rate corrected by soil horizon
average density for each site.

By rearranging Eqs. (4)–(6), the total chemical weathering rate W
(including all elements, in units of g m−2 y−1) for the HTP profile and
for each element (Wj

HTP) can be calculated as shown below:

WHTP ¼ PHTP 1−Ci;p=Ci;HTP
� � ð7Þ

Wj
HTP ¼ PHTP Cj;p− Ci;p=Ci;HTP

� �
Cj;HTP

� �
: ð8Þ

We can also calculate the chemical depletion factor (CDF): CDF was
defined by Riebe et al. (2003) to describe the contribution of chemical
weathering relative to the total denudation flux. Noting our assumption
that D = P, CDF for HTP profile (CDFHTP) and individual element (CDFj-
HTP) can be calculated as:

CDFHTP ¼ WHTP=PHTP ¼ WHTP=DHTP ¼ 1−Ci;p=Ci;HTP ð9Þ

CDFj
HTP ¼ 1− Cj;HTPCi;p

� �
= Cj;pCi;HTP
� �

: ð10Þ
K2O
(%)

TFe2O3

(%)
MgO
(%)

Si/Al
(molar)

Fe/Al
(molar)

K/Al
(molar)

Mg/Al
(molar)

0.28 4.93 0.09 2.8 0.2 0.01 0.01
0.76 3.85 0.08 3.2 0.1 0.02 0.01
1.45 4.12 0.12 3.2 0.2 0.04 0.01
5.15 2.37 0.18 4.7 0.1 0.21 0.02



Table 7
Mass-balance model results for the soil horizon of the studied hillslope.

Hill top Middle slope Hill Bottom

P (g m−2 y−1) 26 55 24
W (g m−2 y−1) 11 11 14
E (g m−2 y−1) 15 44 10
CDF 0.4 0.2 0.6
Q = E ∗ L (g m−1 y−1) 319 1241 1133
F = W ∗ L (g m−1 y−1) 231 464 750
Wsi (g m−2 y−1) 4.3 4.4 5.3
Fsi = Wsi ∗ L (g m−1 y−1) 91.1 183.0 293.9
WP (g m−2 y−1) 0.0 0.0 0.0
FP = WP ∗ L (g m−1 y−1) 0.1 0.2 0.2
WMn (g m−2 y−1) 0.0 0.0 0.0
FMn = WMn ∗ L (g m−1 y−1) 0.3 0.8 1.0
WAl (g m−2 y−1) 0.2 −0.2 0.8
FAl = WAl ∗ L (g m−1 y−1) 4.5 −0.3 16.8
WCa (g m−2 y−1) 0.2 0.4 0.2
FCa = WCa ∗ L (g m−1 y−1) 3.7 11.4 14.7
WNa (g m−2 y−1) 0.6 1.3 0.6
FNa = WNa ∗ L (g m−1 y−1) 13.0 40.1 51.6
WK (g m−2 y−1) 1.1 2.0 0.6
FK = WK ∗ L (g m−1 y−1) 22.8 65.1 78.5
WFe (g m−2 y−1) −0.1 −0.2 0.0
FFe = WFe ∗ L (g m−1 y−1) −1.9 −5.2 −4.7
WMg (g m−2 y−1) 0.0 0.0 0.0
FMg = WMg ∗ L (g m−1 y−1) 0.4 1.2 1.4
FSi/FAl (molar)a 20 17
FCa/FAl (molar) 1 1
FNa/FAl (molar) 3 4
FK/FAl (molar) 4 3
FFe/FAl (molar) 0 0
FMg/FAl (molar) 0 0

a Molar ratio of chemical weathering fluxes Fj.
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The physical erosion rate EHTP (in g m−2 y−1) and the physical ero-
sive output flux QHTP (in g m−1 y−1) of the profile can be calculated
with soil production rate, box length (21 m), and the profile and bed-
rock chemical composition by the following equations following Jin
et al. (2010):

EHTP ¼ PHTPCi;p=Ci;HTP ð11Þ

QHTP ¼ EHTPL: ð12Þ

Like the hillslope evolution model from Jin et al. (2010), the middle
and bottom hillslope profiles receive net physical erosion input. This
input is defined as the difference between the material influx to the
box and output.

So, the following equations can be written for HMP:

EHMP ¼ QHMP−QHTP
� �

=L ð13Þ

PHMP ¼ EHMP þWHMP: ð14Þ

Like Eqs. (7)–(12) for HTP, these equations can be rearranged to
yield WHMP, EHMP, QHMP, Wj

HMP and CDFHMP as follows:

WHMP ¼ PHMP 1−Ci;p=Ci;HMP
� �þ EHTP 1−Ci;HTP=Ci;HMP

� � ð15Þ

EHMP ¼ PHMP Ci;p=Ci;HMP
� �

−EHTP 1−Ci;HTP=Ci;HMP
� � ð16Þ

QHMP ¼ PHMP Ci;p=Ci;HMP
� �þ EHTP Ci;HTP=Ci;HMP

� �� �
L ð17Þ

Wj
HMP ¼ PHMPCj;p 1− Cj;HMPCi;p

� �
= Cj;pCi;HMP
� �� �

þ EHTPCj;HTP 1− Cj;HMPCi;HTP
� �

= Cj;HTPCi;HMP
� �� � ð18Þ

CDFHMP ¼ WHMP=PHMP ¼ 1− Ci;p=Ci;HMP

þ EHTP=PHMP 1−Ci;HTP=Ci;HMP
� �

: ð19Þ

We can establish a similar set of equations for the bottom profile
HBP, with material transported from HMP as its input.

The weathering output flux of each box Fj (in g m−1 y−1) can be
calculated with weathering rate W and box length (21 m) as follows:

Fj
HTP ¼ Wj

HTPL ð20Þ

Fj
HMP ¼ Wj

HMPL þ Fj
HTP ð21Þ

Fj
HBP ¼ Wj

HBPL þ Fj
HMP: ð22Þ

Under the assumption of a time-independent weathering rate, we
can solve the mass basis system of equations. We assume the denuda-
tion rate (D) in the mass balance equations equals the average bulk
soil density corrected denudation rates inferred from cosmogenic nu-
clide concentration (26Al, 10Be) at each profile (Cui, 2014), the chemical
composition for the catena positions equal the profile average values
(Table 6), and the box lengths equal 21 m. Values of E, W, and CDF for
top, middle and bottom sites are given in Table 7 and Fig. 10, as well
as the chemical weathering rates and fluxes for individual element
and their molar ratios.

The largest variations in model-calculated values along the hillslope
(Fig. 10) are seen in E and P. In other words, the weathering rate W
varies little across the catena according to thismodel. The physical erosion
rate E for themiddle slope is about 3–4 times higher than the top and bot-
tom sites (Fig. 10a). This observation, derived from the equations because
D was measured to be higher at these sites, is consistent with the higher
curvature at themiddle slope (HMP box in themodel) (Fig. 1). Curvature
affects both physical and chemical weathering (Lebedeva and Brantley,
2013). Effects of curvature on chemical weathering are discussed below
for individual element.

The CDF calculated from the equations above vary from 0.2 to 0.6, i.e.
20 to 60% of the material lost to denudation was lost by chemical
weathering (Table 7). In contrast, CDF values calculated from the origi-
nal definition of CDF (Riebe et al., 2003) for each site vary between 0.3
and 0.4. Given some of the model assumptions for the calculation
from Eq. (19), this level of discrepancy is not surprising. These calcula-
tions lead to the inference that somewhere between 1/5 to 2/3 of the
material along this ridgeline has been lost by chemical weathering. Fur-
thermore, Figs. 5 and 6 show that the percent loss of a given element can
vary even larger: e.g., fractional loss of K by solubilization is highest at
the hilltop where it approaches 100%, and decreases toward the road
outcrop where it is closer to 80%.

Such variations in primary mineral content in topsoil down a hill-
slope have been simulated in weatheringmodels based on geochemical
processes, i.e., more primary mineral can be retained at the land surface
at the bottom of a hillslope (here, K feldspar) compared to the top of the
hillslope (see Fig. 4) when denudation of the entire hillslope occurs in a
mixed regime. In such a mixed regime, chemical weathering is rate-
limiting at the bottom of the hillslope but physical erosive transport is
limiting at the top (Lebedeva and Brantley, 2013).

SiO2 accounts for about 84% of the chemicalweathering outflux from
the soil horizons along the ridgeline hillslope. Molar ratios of chemical
weathering fluxes of Si and Al (FSi/FAl) for the top and bottom sites are
20 and 17 respectively, much higher than the average bulk chemical
composition of the top site (2.8) and bottom site (3.2) (Tables 6 and
7). As discussed in Section 4.1, quartz dissolution and kaolinite transfor-
mation to gibbsite dominate the weathering reactions in the soil hori-
zon (Fig. 8), releasing Si. The molar ratios with respect to Al for the
calculated chemical weathering fluxes for the base cations (K, Na, Ca
and Mg) for top and bottom sites are also similar, and again larger
than the ratios in the soils. This result differs from the similarity observed
between weathering fluxes and soil chemistry in the Susquehannna/
Shale Hills study (Jin et al., 2010). One conclusion from the shale study



Fig. 10. Model-calculated net chemical weathering rates (W), physical erosion rates (E) and soil production rates (P) (a) and chemical weathering rates for individual element (b) as a
function of topographic location along the hillslope, as described in text.
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was that much of the “chemical weathering” of the shale was due to sub-
surface fine particle transport rather than solute transport; therefore, ele-
ment release ratios were similar to shale soil ratios. In contrast, for this
granite, quartz, K feldspar, and kaolinite are the predominant minerals
weathering in the topsoil and the ratios of W calculated for individual el-
ements for the soil differ from element ratios in the original granite. In
other words, as expected, fine particle transport in the subsurface is not
as important in the granite as it is in the shale studied by Jin et al. (2010).

Fig. 10 also shows that the Al chemical weathering outflux at the
bottom site (16.8 g m−1 y−1) is about four times that of the top site
(4.5 g m−1 y−1). Kaolinite and gibbsite are the dominant minerals
containing Al at the hilltop, and both minerals are relatively stable in
circumneutral-pH waters lacking high concentrations of organic li-
gands. At pH less than 5, Al becomesmobile and is released from alumi-
nosilicates (Jackson, 1963). The rate of Al loss is presumably higher from
the bottom site because of the high surface area provided by the fine
particles of K-feldspar present in the bottom site (Table 7 and
Fig. 10b) and because of the low pH in the soil horizon of JLN-S1
(Fig. 2). An explanation for the slight accumulation of Al at middle
slope (Table 7) could be that the Al released from the upper sites by
chemical weathering is carried downslope and precipitated in the mid-
dle slope sites where curvature changes (Fig. 1), perhaps due to pH in-
creases (see Section 4.3). In contrast, Fe shows net accumulation over
thewhole catena (FFe:−1.9,−5.2,−4.7 gm−1 y−1 from top to bottom
site). This accumulationmight be affected by bio-pumping as discussed
in Section 4.1.

In contrast to the hillslope evolution research of Susquehannna/
Shale Hills (Jin et al., 2010) and Frog's Hollow in New South Wales
(Yoo et al., 2007), the overall weathering rate in this study is higher at
the bottom site. The hillslope valley site described by Jin et al. (2010)
exhibits the lowest calculated weathering rate of the shale transect.
Jin et al. (2010) attributed slowweathering near the valley at least part-
ly to increases in dissolved solutes along the flowpath downslope,
pointing out that some elements were even precipitating as secondary
minerals in the valley site. In contrast, the bottom profile of our granite
site may receive downslope-transported organic material and primary
silicate particles that enhance weathering rates. An even bigger factor
may be that the Shale Hills profile is concave near valley bottomwhere-
as the land surface curvature of the bottom site in our catena is near-
linear. Furthermore, here the catena is located along the nose of a ridge-
line aligned parallel with the stream (Fig. 1), which is in contrast to the
planar hillslope above a first-order channel described by Jin et al.
(2010). All of these characteristics may affect chemical weathering in
the downslope site of the granite.

We can also look at individual element weathering rates along
the catena. K and Na chemical weathering rates are highest in the high-
curvature middle of the transect compared to above and below (Table 7
and Fig. 10). The chemical release rates for K and Na were also observed
to be largest in the middle site of Frog's Hollow (Yoo et al., 2007)
(Fig. 10). In contrast, Si and Al chemical release rates are approximately
the same at the top and mid-slope but increase at the bottom site of our
granite catena (Table 7 and Fig. 10). Apparently, dissolution of primary
mineral (feldspar) is fastest in the mid-slope high-curvature site but dis-
solution of secondarymineral (kaolinite) is fastest in the bottom site. One
explanation could be that as kaolinite dissolves toward the bottom of the
hillslope – perhaps due to a higher organic ligand content in porewaters –
weathering solutions increase in Si concentration and move closer to
equilibriumwithK feldspar, slowing the rate of dissolution of thatmineral
in the downslope position. In addition, it is possible that weathering of
primary minerals is tightly coupled with soil production rate (which is
highest mid-slope) whereas weathering of secondary minerals is not.
Such mechanisms cannot be entirely understood unless the soil solution
chemistries and hydrologic flow paths along the slope are measured.
5. Conclusions

The studied profiles present a representative example of granite
weathering and pedogenesis in a sub-tropical climate. A weathering se-
quence of granite is delineated by mineralogy and major element vari-
ation. Apatite, biotite, hornblende and plagioclase are dissolved in the
initial weathering stage. Nearly 100% Ca and Na loss happens at depth
in this stage;Mg, Fe and P also reach theirmaximumextent of depletion
at the end of this stage. The K-feldspar reaction front begins after com-
plete depletion in plagioclase, resulting in about 80% loss of K at the land
surface at the bottom of the ridgeline and almost 100% loss at the top.
Quartz dissolution begins after much of the K-feldspar has been deplet-
ed, resulting in about 60% Si release at the land surface of the ridgeline.
As the dominant clay mineral, kaolinite is the weathering product of
feldspar during the whole weathering process. Kaolinite transforms
to gibbsite which is the terminal weathering product as weathering
proceeds.

In the upper 100 cm,many effects of biological activity are observed,
as well as the effects of physical erosion and chemical weathering. This
topsoil has low pH, and is characterized by intensive fragmentation and
dissolution of quartz, a high clay mineral and high TOC content.

Lateral movement of weathering products – both primary mineral
particles and organic matter – down the ridgeline is inferred. A simple
mass balance calculation of chemical and physical weathering based
on the topsoil chemistry at four sites along the ridgeline shows that
chemical weathering rates are accelerated at the bottom site where
high organic content was noted. The middle site was calculated to
have the highest physical erosion rates, perhaps due to the higher cur-
vature at middle slope.

Image of Fig. 10
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The granite weathering and pedogenic processes documented here
show that reaction fronts for minerals are separated over meters in
depth: ferrous silicate minerals react first, followed by plagioclase,
then K-feldspar, and finally, kaolinite and quartz. Landscape position is
a critical factor in controlling the extent of silicateweathering in granite
due to coupling of physical erosion and chemical weathering. Further
studies on elemental and isotopic geochemical indices are needed to
explore different granite weathering stages and their significance on
basin-scale chemical weathering.
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Appendix A. The best analyzing range and accuracy of the Axios XRF
in this study
Compound
Si
Ti
A
TF
M
M
C
N
K
P

JL
JL
JL
JL
A
St
Best analyzing range (%)
 Accuracy (%)
O2
 15.0–95.0
 ±0.20

O2
 0.01–7.50
 ±0.005

l2O3
 0.20–25.0
 ±0.10

e2O3
 0.20–25.0
 ±0.05

nO
 0.01–0.35
 ±0.005

gO
 0.20–40.0
 ±0.03

aO
 0.10–35.0
 ±0.03

a2O
 0.10–7.50
 ±0.03

2O
 0.05–7.50
 ±0.02

2O5
 0.01–1.00
 ±0.005

OT
 0.20–20.0
 ±0.10
Fe
Appendix B. Standard of deviation calculation for the major
elements of the four bedrock samples
Sample no.
 SiO2

(%)

TiO2

(%)

P2O5

(%)

MnO
(%)
Al2O3

(%)

CaO
(%)
Na2O
(%)
K2O
(%)
FeOT

(%)

MgO
(%)
LOI
(%)
N-R1
 74.10
 0.20
 0.03
 0.06
 12.89
 0.87
 3.10
 5.24
 2.43
 0.18
 0.60

N-R2
 73.00
 0.22
 0.04
 0.07
 13.07
 1.02
 3.34
 5.10
 2.76
 0.21
 0.48

N-R3
 73.58
 0.20
 0.04
 0.07
 13.25
 0.95
 3.19
 5.15
 2.37
 0.18
 0.42

N-R4
 74.64
 0.24
 0.05
 0.05
 12.68
 0.48
 3.18
 4.68
 2.97
 0.21
 0.68

verage
 73.83
 0.22
 0.04
 0.06
 12.97
 0.83
 3.20
 5.04
 2.63
 0.19
 0.54

andard of
deviation
0.70
 0.02
 0.01
 0.01
 0.24
 0.24
 0.10
 0.25
 0.28
 0.02
 0.12
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