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a  b  s  t  r  a  c  t

In  this  study,  the  mobilization,  redistribution,  and  fractionation  of trace  and  rare  earth  elements  (REE)
during  chemical  weathering  in  mid-ridge  (A),  near mountaintop  (B),  and  valley  (C)  profiles  (weak,  weak  to
moderate,  and moderate  to  intense  chemical  weathering  stage,  respectively),  are  characterized.  Among
the trace  elements,  U and  V were  depleted  in the  regolith  in all three  profiles,  Sr,  Nb,  Ta,  Zr,  and  Hf
displayed  slight  gains  or losses,  and  Th,  Rb, Cs,  and  Sc remained  immobile.  Mn,  Ba,  Zn,  Cu,  and  Cr were
enriched  at the  regolith  in  profiles  A  and  B, but depleted  in  profile  C. Mn,  Pb,  and  Co  were  also  depleted
in  the  saprock  and fractured  shale  zones  in  profiles  A  and  B  and  enriched  in  profile  C.  REEs  were  enriched
in  the  regolith  and  depleted  at the saprock  zone  in profiles  A  and  B and  depleted  along  profile  C. Mobility
of  trace  and  REEs  increased  with  increasing  weathering  intensity.  Normalized  REE patterns  based  on  the
parent  shale  revealed  light  REE  (LREE)  enrichment,  middle  REE  (MREE),  and heavy  REE  (HREE)  depletion
patterns.  LREEs  were  less  mobile  compared  with  MREEs  and  HREEs,  and  this differentiation  increased
with  increasing  weathering  degree.  Positive  Ce  anomalies  were  higher  in profile  C than  in  profiles  A and  B.
The  Ce  fractionated  from  other  REE  showed  that Ce  changed  from  trivalent  to  tetravalent  (as  CeO2) under
oxidizing  conditions.  Minimal  REE  fractionation  was  observed  in  the  saprock  zone  in profiles  A and  B. In
contrast,  more  intense  weathering  in  profile  C  resulted  in  preferential  retention  of LREE  (especially  Ce),
leading to considerable  LREE/MREE  and  LREE/HREE  fractionation.  (La/Yb)N and  (La/Sm)N ratios  displayed

maximum  values  in the  saprock  zone  within  low  pH  values.  Findings  demonstrate  that  acidic  solutions  can
mobilize  REEs  and  result  in  leaching  of  REEs  out  of the  highly  acidic  portions  of  the  saprock  material  and
transport  downward  into  fractured  shale.  The  overall  behavior  of  elements  in  the  three  profiles  suggests
that  solution  pH,  as  well  as  the presence  of primary  and  secondary  minerals,  play  important  roles  in the
mobilization  and  redistribution  of trace  elements  and REEs  during  black  shale  chemical  weathering.

©  2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Chemical and mechanical weathering leads to the disaggrega-
ion of rocks and minerals and the formation of regolith and saprock

ystems (Aubert et al., 2001). Weathering processes also control
he mobilization, redistribution, and fractionation of trace elements
nd rare earth elements (REEs, La to Lu) in various natural settings.

∗ Corresponding author at: Faculty of Geosciences and Environmental
ngineering, Southwest Jiaotong University, Chengdu 611756, PR China.
ax: +86 028 66367451.

E-mail address: wuxiyong@126.com (X. Wu).

ttp://dx.doi.org/10.1016/j.chemer.2015.07.004
009-2819/© 2015 Elsevier GmbH. All rights reserved.
The behavior of trace elements and REEs during chemical weather-
ing has been investigated previously in several protoliths (Nesbitt,
1979; Middelburg et al., 1988; Braun et al., 1993, 2005; van der
Weijden and van der Weijden, 1995; Nesbitt and Markovics, 1997;
Aiuppa et al., 2000; Panahi et al., 2000; Ji et al., 2004; Brantley et al.,
2007; Ma  et al., 2007; Ndjigui et al., 2008; Beyala et al., 2009; Feng,
2010, 2011; Gong et al., 2011; Sanematsu et al., 2013; Nguetnkam
et al., 2014), including weathering profiles from black shales (Peng
et al., 2004; Tuttle et al., 2009; Ma  et al., 2011a,b; Jin and Brantley,

2011; Yu et al., 2012). Trace elements and REEs in weathered mate-
rial can be easily mobilized out of the regolith zone and retained in
secondary minerals or colloids in weathering profiles as weathering
proceeds (e.g., Sholkovitz, 1992, 1995; Faimon, 2003; Patino et al.,

dx.doi.org/10.1016/j.chemer.2015.07.004
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2015.07.004&domain=pdf
mailto:wuxiyong@126.com
dx.doi.org/10.1016/j.chemer.2015.07.004
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003). Results from prior studies suggest that heavy REEs (HREE)
re preferentially transported in solution, while light REEs (LREE)
re easily absorbed by oxides/hydroxides or colloids within solid
hases. In addition, Ce and Eu anomalies have been found in several
eathering profiles within parent bedrocks. These observations
rovide a record of changes in redox conditions during geological
rocesses (e.g., Brookins, 1989; Ji et al., 2004; Ma et al., 2011b).
owever, the geochemical behavior of trace elements and REEs
uring chemical weathering processes cannot easily be generalized
ue to variations in physico-chemical factors and location-specific
eathering environments (Sharma and Rajamani, 2000).

Black shale is a very fine-grained sedimentary rock typically rich
n sulfide minerals and organic matter, which contains trace ele-

ents (e.g., V, U, Cu, Zn, Mn,  Ba, and Pb) (Jaffe et al., 2002; Lipinski
t al., 2003; Piper and Calvert, 2009; Anjum et al., 2010). As a result
f its sulfide and organic matter content, black shale is especially
usceptible to chemical weathering processes, and thus serves to
ccelerate the decomposition of primary minerals and mobilize
race elements and REEs (Jin et al., 2010; Peng et al., 2007, 2014).
everal field and laboratory studies have evaluated the mobility of
race elements in black shale during exposure to acidic ground-
ater (Lee et al., 1998; Tuttle et al., 2009; Yu et al., 2012) and

eported on REE mobility and fractionation (Ma  et al., 2011a; Peng
t al., 2014). Although these investigations have contributed to the
nderstanding of trace and REEs mobility, the geochemical behav-

or and factors controlling the mobility of these elements during
hemical weathering processes require further investigation.

In this paper, we report on the behavior of select trace elements
nd REEs in three weathering profiles: mid-ridge (A), near moun-
aintop (B), and valley floor (C). The study area encompasses the
ower Cambrian black shale in northeastern Chongqing Province,
outhwestern China. In this small catchment, profiles A, B, and C
re characterized as weak, weak to moderate, and moderate to
ntense in terms of weathering intensity, respectively (Wu  et al.,
015). We  compared the composition of weathered products with
arent shale in order to develop a better understanding of the
eochemistry of trace elements and REEs in black shale profiles
t different weathering intensities. The specific objectives of this
tudy were to (i) understand the mobilization and redistribution
f trace elements and REEs in weathering profiles during weak
o intense chemical weathering; (ii) assess the elemental mobil-
ty and REE fractionation under different weathering intensities;
iii) determine inter-element relationships among major elements,
race elements, REEs, and pH in the three profiles; and (iv) iden-
ify which factors control the mobility and fractionation of trace
lements and REE in black shale weathering profiles.

. Geographical and geological setting

The study site is an excavated exposure near Chengkou County,
ortheastern Chongqing Province, China. This site crosses the two
rst-level tectonic division units of the Qinling orogenic belt and
angtze Platform (Fig. 1a; Zeng et al., 2012). The Renhe River flows
ithin the catchment from southeast to northwest, eventually join-

ng the Yangtze River through the Han River. Chengkou County has a
ubtropical climate controlled by East Asian monsoons. The average
nnual temperature is approximately 13.8 ◦C and the mean annual
recipitation is 1261.4 mm.  The V-shaped catchment is character-

zed by an average local relief of 500 m,  and an elevation ranging
rom 750 m at the riverside to 1250 m at the ridge-top.

The sample site is comprised of a fresh road cut on profiles A,

, and C and surface soil (SS) near the town of Chengkou County
N31◦57′–31◦58′, E 108◦37′–108◦39′; Li et al., 2014; Ling et al.,
014). These profiles are covered by Shuijingtuo Formation black
hale, Lower Cambrian. The strikes measured on the bedrock at pro-
e 75 (2015) 403–417

files A, B, and C are N53◦E, N73◦E, and N57◦E, and the dips are 60◦SE,
78◦SE, and 73◦SE, respectively (Fig. 1b). The profiles were divided
into four zones from surface to bedrock: regolith, saprock, frac-
tured shale, and parent shale (protolith). Wu  et al. (2015) reported
that profiles A, B, and C possessed a chemical index of alteration
(CIA) which ranged from 53.4 to 63.9, 52.4 to 70.8, and 70.6 to 88.7,
which indicate weak, weak to moderate, and moderate to intense
weathering stages, respectively. Minerals at the site include quartz,
muscovite, albite, calcite, dolomite, illite, gypsum, smectite, organic
matter, and sulfide (mainly as pyrite) with minor apatite, goethite,
kaolinite, and jarosite.

3. Methods

3.1. Analysis techniques

3.1.1. Trace and REE analyses
Samples were collected from each zone for the three profiles,

and the sample numbers with corresponding zones and depths are
shown in Table 1. After collection, the samples were dried at 65 ◦C
and any plant roots seen in the top 1.5 m in profiles were removed.
The samples were ground into 200 mesh (< 75 �m)  grains using an
agate mortar and pestle prior to laboratory analysis. The processed
samples were baked at 700 ◦C to remove residual organic matter
and then digested in a mixed acid solution of HNO3 + HF in a plat-
inum crucible for trace element and REE analysis. Trace and REEs
concentrations were determined using a PerkinElmer Elan 6000
inductively coupled plasma-mass spectrometer (ICP–MS) with ele-
mental detection limits of about 10 ppb for solid samples. The trace
and REE concentrations were determined using Rh as an internal
during ICP–MS analysis. Analytical precision for trace and REEs was
greater than 5% (Liu et al., 1996). Experiments were conducted
at the Key Laboratory of Geochronology and Geochemistry, Chi-
nese Academy of Sciences. The analytical results are presented in
Tables 1 and 2. Several United States Geological Survey (USGS),
Geological Survey of Canada (GSC) and Chinese soils, such as BHVO-
2, W-2, GSS-5, GSS-7, SY-4 and GXR-6 (soils) were repeatedly
analyzed alongside samples to monitor the quality of ICP-MS mea-
surements, and results were generally within ±10% of the certified
values.

3.1.2. pH and SEM-EDS analyses
In order to measure the pH of shale samples, 25 g of deionized

water was initially equilibrated with 10 g rock powder in a 50 mL
capped Teflon beaker for 20 min. The pH values of the slurry were
measured using a calibrated HACH HQ30d acidity meter (USA) with
precision better than 0.05. The measurement was repeated on three
separate shale samples (Table 2). The handpicked samples were
impregnated by vacuum and coated with gold for optical analysis.
Scanning electron microscopy (SEM) was used to visualize textures
and qualitative energy dispersive spectroscopy (EDS) analysis was
performed on select mineral grains to determine phases present.
SEM measurements were performed with an Ultra 55 (Car Zeiss
Jena) and EDS analysis was  conducted using an Oxford IE450X-
Max80 at Southwest University of Science and Technology. The SEM
was operated at 15 kV with a working distance of 10 mm to provide
optimum resolution and minimize charging and sample damage.

3.2. Calculation methodologies

3.2.1. Elemental mobility evaluation method during weathering
To assess the elemental mobility in the weathering profile, con-
centration (C) of an inert (or conservative) element (i) is commonly
compared with the relative loss or gain of a more mobile element
(j) by calculating the mass transfer coefficient �i,j (e.g., Brimhall
and Dietrich, 1987; Brimhall et al., 1991; Anderson et al., 2002;
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Table 1
Trace elements content (ppm) at different depth below ground level (bgl, m) in the Chengkou County black shale profile as determined by ICP–MS.

Zonation depth Sample Mn Rb Sr Cs Ba Pb Th U Sc V Cr Co Ni Cu Zn Ga Ge Zr Nb Hf Ta Ti

Regolith 0.10 A-1 1787.40 101.40 135.50 5.72 4829.10 15.98 11.57 20.75 18.02 170.20 89.53 20.46 206.10 62.58 242.50 18.94 1.81 194.40 11.35 5.41 0.90 4969.90
0.25  A-2 429.00 102.80 124.30 5.66 3982.10 17.82 11.66 17.67 16.65 253.90 97.08 17.05 133.40 44.45 288.20 18.76 1.46 221.40 11.88 5.86 0.94 5274.70
0.45  A-3 2246.70 106.70 139.40 6.67 3130.00 19.50 12.88 17.54 17.08 226.30 89.39 27.41 143.10 51.02 250.20 19.91 1.73 197.50 11.53 5.50 0.92 5138.00

Saprock  0.55 A-4 2327.30 109.20 143.10 6.86 3186.20 18.93 12.66 17.21 17.73 233.50 88.62 27.78 145.70 52.59 265.10 19.84 1.75 200.70 11.99 5.48 0.93 5271.10
0.65  A-5 78.99 113.30 95.61 7.65 2421.10 21.32 7.36 13.10 11.62 268.00 109.90 2.32 30.74 16.12 33.59 21.83 1.86 244.50 13.20 6.47 1.01 5818.40
0.75  A-6 52.74 113.70 104.60 7.31 2441.10 22.17 7.24 14.71 12.14 210.30 105.60 2.34 14.42 17.56 29.58 21.17 1.65 229.00 13.04 5.95 0.99 5657.30
0.85  A-7 154.50 104.20 236.40 5.58 3971.70 22.70 9.16 14.61 13.36 349.40 103.10 12.67 63.63 32.71 49.86 19.68 1.40 214.00 11.99 5.54 0.94 5340.10
1.10  A-8 435.00 94.23 658.60 5.12 2978.50 15.13 10.80 16.37 15.26 340.00 92.72 17.51 99.22 42.90 121.00 17.52 1.62 184.50 11.08 4.97 0.87 5016.80

Fractured  shale 1.50 A-9 348.70 87.39 654.80 4.78 2432.80 19.37 9.67 21.63 15.64 124.60 82.01 15.95 59.26 44.62 82.35 15.47 1.25 166.20 9.93 4.42 0.77 4767.20
2.10  A-10 400.30 88.50 862.00 4.55 3339.90 16.07 9.78 24.67 15.28 135.10 72.95 16.74 71.30 41.39 109.20 17.25 1.20 171.80 10.21 4.79 0.79 4859.40

Parent  shale 3.00 A-11 405.50 93.55 367.20 4.95 2774.80 25.21 9.94 32.50 16.48 482.80 92.37 17.71 115.50 48.42 97.05 16.29 1.43 166.10 10.53 4.43 0.84 4670.00

Regolith  0.50 B-1 207.40 84.12 300.20 5.98 9785.70 11.41 7.58 9.10 11.51 557.50 402.70 8.16 155.50 172.80 362.70 15.39 2.73 102.00 11.74 2.76 0.84 3541.50
1.00  B-2 115.40 67.06 641.20 4.66 6280.30 11.10 5.73 12.64 8.37 626.00 526.10 5.46 88.67 218.40 229.40 12.03 2.57 76.62 8.51 1.92 0.62 2486.00
1.50  B-3 162.40 87.30 573.90 6.13 15261.60 12.41 8.05 14.21 10.39 1379.90 353.10 6.99 89.75 114.00 509.80 14.92 2.87 102.40 11.90 2.69 0.80 3233.90

Saprock  2.00 B-4 564.90 97.78 448.60 5.97 8119.50 23.78 10.32 23.50 13.84 1126.20 192.50 17.78 117.70 96.97 240.60 18.40 2.30 151.50 11.17 3.92 0.86 4355.20
2.50  B-5 88.40 115.50 448.00 8.40 15136.00 16.67 8.71 27.05 12.90 3839.50 232.40 2.49 185.30 79.80 477.30 18.69 2.59 148.60 10.81 3.72 0.82 3834.40
3.20  B-6 45.31 104.70 79.68 5.61 4106.20 19.84 10.88 29.75 13.02 1477.10 127.60 9.55 137.20 41.56 125.20 19.26 1.94 212.40 12.04 5.19 0.88 4275.00
4.00  B-7 239.10 94.92 609.30 5.95 9362.80 18.36 8.91 26.48 11.68 2223.60 154.80 18.34 252.00 80.37 779.20 16.59 1.85 149.60 9.64 3.86 0.76 3764.10

Fractured  shale 4.80 B-8 299.10 112.50 339.90 5.76 5150.10 16.60 11.29 29.54 15.58 1339.40 110.20 20.72 193.40 46.95 191.20 19.31 1.84 216.50 11.54 5.26 0.91 4915.90
5.50  B-9 302.20 117.60 337.10 6.32 4606.00 18.70 11.98 32.32 15.53 1272.60 111.20 22.36 201.70 47.72 212.50 20.81 1.70 220.60 12.18 5.39 0.95 5009.70
6.20  B-10 292.60 109.40 364.70 5.53 4797.70 17.80 12.02 28.49 14.96 493.70 96.32 19.44 147.50 42.01 132.70 19.47 1.69 212.60 11.99 5.44 0.95 4886.10

Parent  shale 7.00 B-11 211.00 79.63 451.40 4.47 3638.70 18.18 7.66 33.16 9.82 1664.90 93.59 17.21 211.60 59.63 373.20 13.42 1.79 125.10 8.00 3.19 0.65 3166.90

Zonation  depth Sample Mn Rb Sr Cs Ba Pb Th U Sc V Cr Co Ni Cu Zn Ga Ge Zr Nb Hf Ta Ti

Regolith 0.50 C-1 2052.60 66.83 362.00 3.71 2266.10 19.33 5.05 6.56 14.24 144.00 78.17 21.01 137.00 111.10 180.70 14.89 2.21 133.50 10.32 3.25 0.72 6344.80
1.00  C-2 196.90 112.80 121.00 6.83 7600.70 25.10 13.26 4.80 15.57 277.90 76.12 2.73 6.00 11.75 26.73 23.20 2.40 188.10 14.20 4.87 1.09 5611.00
1.50  C-3 93.12 117.60 125.10 7.05 5464.10 36.01 13.60 5.48 15.84 280.90 75.59 1.13 5.80 26.27 21.13 23.17 2.22 185.70 14.01 5.18 1.17 5693.30

Saprock 2.00 C-4 125.40 129.40 112.80 7.72 5193.20 24.14 14.74 4.52 19.79 243.90 85.11 1.32 5.91 27.05 28.17 24.80 2.35 183.80 14.34 4.91 1.12 5688.50
3.00  C-5 133.50 121.90 108.20 7.56 6122.60 33.06 15.68 4.33 19.97 260.30 84.91 16.95 31.19 143.00 39.29 23.86 2.29 171.60 13.57 4.66 1.07 6328.70
4.00  C-6 1323.80 115.10 121.60 7.44 6259.70 37.94 13.41 4.73 18.19 243.50 63.12 35.46 66.49 95.26 131.20 22.25 1.88 162.80 12.54 4.42 1.00 4866.90
5.00  C-7 2644.70 104.20 147.20 6.44 7851.70 44.06 13.32 4.66 17.75 268.90 67.07 34.26 70.02 104.60 163.40 21.46 2.36 154.90 11.95 4.15 0.97 4643.20
6.20  C-8 2768.10 106.00 150.50 6.50 8252.90 41.53 12.59 4.49 15.14 273.00 75.81 33.81 70.35 101.70 167.40 21.12 2.46 147.70 11.93 3.98 0.92 4626.80

Fracturedshale 8.00 C-9 252.50 110.00 105.50 6.79 4880.70 43.98 13.39 5.84 19.04 323.70 82.74 81.40 105.30 102.00 241.60 21.97 2.03 167.90 12.36 4.51 0.97 5055.40
9.00  C-10 197.90 82.00 2866.80 5.75 5103.80 12.60 6.39 45.23 9.52 5381.60 1029.50 8.31 116.10 284.30 361.10 14.22 2.79 91.26 8.06 2.35 0.63 2831.00

Parent  shale 10.50 C-11 162.40 47.50 2905.10 2.99 3913.60 7.21 4.17 15.85 6.44 373.30 276.80 5.47 54.02 103.90 126.80 8.49 2.33 59.28 7.15 1.45 0.50 2001.80
?  ? C-oxide 136.10 46.13 72.64 4.63 3702.80 15.41 6.61 10.35 13.67 572.50 179.40 34.97 268.10 347.90 781.30 12.88 2.42 336.70 11.92 4.80 0.78 3755.10

Shale  chips 0 SS-1 691.80 54.62 208.60 2.57 4104.70 20.17 8.04 12.96 20.74 211.50 107.20 7.46 130.10 139.60 133.20 16.32 1.72 199.40 16.29 4.92 1.33 5950.90
0  SS-2 295.20 48.84 250.60 2.33 16961.60 19.06 6.60 17.08 14.23 184.40 140.80 9.24 77.57 66.17 52.50 13.89 1.61 168.00 12.27 4.30 0.92 5508.20
0  SS-3 364.30 78.28 282.60 3.95 1333.50 11.24 10.09 16.64 11.45 106.50 65.18 18.71 52.78 54.75 93.08 14.12 1.33 171.10 9.16 4.23 0.71 3935.00
0  SS-4 197.20 93.80 369.60 5.01 11418.30 19.53 9.93 36.00 13.17 277.50 93.00 9.27 63.45 33.89 82.85 18.34 1.27 244.50 12.28 6.19 0.97 5201.10
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Table 2
The rare earth element contents (ppm) and pH values of bulk samples at different depth (m) in Chengkou County black shale profiles.

Zonation depth Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
∑

REEa (La/Yb)N (La/Sm)N (Gd/Yb)N [Ce/Ce*]N [Eu/Eu*]N pH

Regolith 0.10 A-1 34.87 68.41 8.22 33.10 6.89 1.13 6.82 1.10 6.43 1.30 3.60 0.54 3.56 0.52 35.61 176.48 7.03 3.27 1.58 0.99 0.50 6.03
0.25  A-2 36.22 65.54 8.36 33.27 6.29 1.00 6.31 0.97 6.17 1.28 3.63 0.53 3.55 0.54 41.68 173.67 7.31 3.72 1.47 0.92 0.49 4.25
0.45  A-3 35.90 69.91 8.09 30.63 5.01 0.74 4.34 0.75 4.71 1.05 3.00 0.46 3.16 0.47 28.68 168.22 8.14 4.63 1.13 1.01 0.48 3.28

Saprock  0.55 A-4 35.70 68.86 7.95 29.87 5.04 0.68 4.30 0.75 4.81 1.05 3.11 0.46 3.13 0.46 29.92 166.16 8.18 4.57 1.14 1.00 0.45 2.82
0.65  A-5 35.77 61.11 6.97 23.91 3.04 0.34 2.31 0.42 2.79 0.62 1.89 0.30 2.08 0.34 19.14 141.89 12.33 7.59 0.92 0.95 0.39 2.68
0.75  A-6 36.50 63.05 7.21 24.33 3.03 0.35 2.11 0.37 2.57 0.57 1.70 0.28 1.98 0.31 16.49 144.37 13.24 7.79 0.88 0.95 0.42 3.40
0.85  A-7 36.30 64.55 8.02 29.22 4.67 0.51 3.87 0.66 4.12 0.89 2.51 0.38 2.58 0.39 26.34 158.66 10.11 5.02 1.24 0.93 0.36 4.24

Fractured shale 1.10 A-8 35.09 65.19 8.40 32.79 6.10 1.00 5.84 0.93 5.45 1.11 3.15 0.47 2.98 0.46 33.51 168.95 8.44 3.71 1.62 0.93 0.51 5.88
1.50  A-9 29.33 54.14 6.87 27.46 5.34 0.91 5.05 0.83 5.01 1.06 2.97 0.44 2.84 0.43 30.47 142.67 7.42 3.54 1.47 0.94 0.54 6.12
2.10  A-10 33.01 61.66 7.79 31.01 5.82 1.01 5.66 0.93 5.40 1.10 3.11 0.45 2.97 0.45 31.99 160.36 7.98 3.66 1.58 0.94 0.54 6.88

Parent  shale 3.00 A-11 33.96 58.50 7.27 28.48 5.20 0.78 4.99 0.84 4.98 1.08 3.18 0.48 3.21 0.49 31.81 153.43 7.58 4.22 1.29 0.91 0.47 6.52

Regolith  0.50 B-1 38.48 43.99 8.50 32.79 6.51 0.71 7.02 1.07 6.74 1.56 4.44 0.67 4.08 0.63 57.98 157.19 6.77 3.82 1.42 0.60 0.32 7.04
1.00  B-2 40.05 40.30 9.06 36.14 7.30 1.22 8.95 1.39 8.84 2.08 6.03 0.89 5.30 0.85 83.73 168.40 5.42 3.54 1.40 0.52 0.46 6.55
1.50  B-3 39.77 48.22 8.69 33.12 6.20 0.44 6.50 1.03 5.99 1.37 3.81 0.56 3.46 0.53 50.17 159.69 8.25 4.14 1.56 0.64 0.21 6.62

Saprock  2.00 B-4 39.38 66.14 9.41 35.84 6.94 0.99 6.48 1.07 6.44 1.41 3.97 0.62 3.86 0.61 43.97 183.16 7.32 3.66 1.39 0.84 0.45 6.20
2.50  B-5 33.16 48.25 7.73 29.69 5.76 0.19 5.29 0.82 4.78 1.00 2.79 0.45 2.84 0.45 30.71 143.23 8.37 3.72 1.54 0.74 0.11 6.02
3.20  B-6 32.36 52.38 6.91 23.38 3.84 0.44 3.38 0.67 4.20 0.95 2.84 0.46 3.01 0.47 27.27 135.28 7.72 5.45 0.93 0.86 0.37 4.43
4.00  B-7 33.22 52.26 7.76 29.99 5.83 0.67 5.68 0.92 5.42 1.18 3.24 0.50 3.04 0.48 37.96 150.19 7.84 3.68 1.55 0.80 0.36 6.50

Fractured shale 4.80 B-8 34.26 63.13 8.26 31.89 6.35 0.99 5.83 0.96 5.56 1.17 3.20 0.52 3.22 0.52 33.67 165.86 7.63 3.48 1.50 0.92 0.50 6.38
5.50  B-9 37.00 66.52 8.85 33.36 6.46 1.03 5.94 0.97 5.61 1.19 3.35 0.54 3.36 0.54 35.80 174.73 7.89 3.70 1.46 0.90 0.51 6.51
6.20  B-10 35.85 66.25 8.76 33.36 6.57 1.04 6.20 0.97 5.85 1.21 3.38 0.53 3.38 0.53 35.64 173.86 7.61 3.53 1.52 0.92 0.50 6.80

Parent  shale 7.00 B-11 26.48 45.19 6.58 25.04 5.02 0.84 5.00 0.80 4.71 1.06 2.96 0.45 2.78 0.42 33.55 127.34 6.82 3.41 1.48 0.84 0.51 7.12

Zonation  depth Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
∑

REEa (La/Yb)N (La/Sm)N (Gd/Yb)N [Ce/Ce*]N [Eu/Eu*]N pH

Regolith 0.50 C-1 28.32 47.09 7.25 28.88 6.31 1.38 6.33 1.03 5.69 1.18 3.22 0.47 2.74 0.41 37.54 140.30 7.42 2.90 1.91 0.81 0.67 6.54
1.00  C-2 49.12 97.35 12.09 44.65 7.53 0.67 4.54 0.84 5.44 1.24 3.54 0.59 3.81 0.61 33.11 232.02 9.26 4.21 0.99 0.98 0.35 6.40
1.50  C-3 48.57 93.2 11.71 43.84 7.97 1.04 5.59 1.06 6.56 1.42 4.11 0.67 4.45 0.71 35.58 230.89 7.83 3.93 1.04 0.96 0.48 6.16

Saprock  2.00 C-4 47.26 93.63 11.55 42.92 7.91 1.19 6.24 1.08 6.41 1.39 3.92 0.64 4.12 0.66 36.35 228.94 8.23 3.86 1.25 0.98 0.52 6.35
3.00  C-5 45.47 88.89 11.17 39.71 6.96 0.77 4.24 0.79 5.25 1.13 3.31 0.56 3.64 0.58 29.85 212.46 8.97 4.22 0.96 0.97 0.43 3.85
4.00  C-6 46.75 91.00 11.46 43.00 8.40 1.16 7.15 1.15 6.76 1.40 3.82 0.63 4.08 0.65 35.56 227.41 8.21 3.59 1.45 0.96 0.46 3.70
5.00  C-7 45.11 90.02 11.41 42.35 8.47 1.23 7.57 1.27 7.29 1.49 4.08 0.64 4.11 0.66 37.10 225.69 7.87 3.44 1.52 0.97 0.47 4.74
6.20  C-8 43.56 88.81 10.96 41.58 8.39 1.12 7.42 1.21 6.78 1.37 3.73 0.59 3.63 0.60 34.77 219.74 8.60 3.35 1.69 1.00 0.44 4.65

Fracturedshale 8.00 C-9 41.86 84.7 10.77 41.02 8.11 1.24 6.97 1.17 6.94 1.41 4.07 0.64 4.16 0.65 36.20 213.72 7.21 3.33 1.38 0.98 0.51 6.83
9.00  C-10 55.55 58.37 13.23 55.40 11.58 2.44 14.81 2.43 15.56 3.67 10.50 1.59 9.27 1.46 137.70 255.85 4.30 3.10 1.32 0.53 0.57 7.22

Parent  shale 10.50 C-11 33.29 32.42 7.12 27.78 5.36 1.07 6.24 1.03 6.62 1.57 4.61 0.68 3.99 0.64 66.52 132.42 5.98 4.01 1.29 0.52 0.57 7.26
?  ? C-oxide 24.19 42.13 5.80 21.98 5.30 1.26 8.20 1.36 7.47 1.47 3.87 0.57 3.46 0.52 43.70 127.57 5.02 2.94 1.96 0.87 0.59 6.28

Shale  chips 0 SS-1 45.03 69.07 11.19 43.92 9.60 1.87 10.19 1.66 9.80 2.08 5.49 0.78 4.47 0.65 60.97 215.80 7.23 3.03 1.89 0.75 0.58 6.51
0  SS-2 33.07 50.78 8.59 35.64 8.41 0.81 8.29 1.28 7.14 1.46 3.84 0.56 3.21 0.48 42.52 163.54 7.40 2.54 2.14 0.74 0.30 6.88
0  SS-3 26.86 52.27 6.97 27.86 6.23 1.20 5.42 0.88 4.72 0.96 2.61 0.40 2.57 0.39 26.38 139.32 7.51 2.78 1.75 0.94 0.63 6.83
0  SS-4 36.19 66.19 8.22 28.70 5.01 0.11 4.31 0.75 4.45 0.95 2.76 0.44 2.85 0.45 27.70 161.36 9.11 4.66 1.25 0.94 0.07 6.79

a
∑

REE = the sum of La∼Lu, [Ce/Ce*]N(p) = CeN(P)/(LaN(P) × PrN(P))0.5, [Eu/Eu*]N(P) = EuN(P)/(SmN(P) × GdN(P))0.5, and (La/Yb)N, (La/Sm)N, (Gd/Yb)N, where the subscript N implies chondrite-normalized value (see Sun and
McDonough, 1989) and P indicates normalization by parent shale in each profile.
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Fig. 1. (a) Geological structure diagram of Chengkou County; (b) Sampling site of Shuijingtuo Formation black shale, Lower Cambrian, at Chengkou County. The samples
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mundson, 2004; Tuttle et al., 2009; Ma  et al., 2011a). The value of
i,j can be calculated by:

i,j = Cj,w

Cj,p
× Ci,p

Ci,w
− 1 (1)

here, Cj,w and Cj,p are the concentrations of phase j in weathered
nd protolith materials, respectively; Ci,w and Ci,p are the concen-
rations of the inert (conservative) index phase (Ti in this instance;
ing et al., 2014) in weathered and protolith materials. In this study,
e chose the bottom sample of each profile, indicated as protolith

hale (A-11, B-11, and C-11). Positive �i,j values indicate external
dditions of element j, negative �i,j values show depletion, and zero
alues suggest that element j is immobile in the weathered mate-
ial (w). The results of mobilization of trace elements and REEs for
ach profile are presented at Appendix Table 1 of Supplementary
nformation.
.2.2. Statistical analysis
The inter-element relationships among major elements, pH,

rganic matter content, and trace element and REE content
il (SS), respectively.

were evaluated through correlation analysis. The Pearson corre-
lation coefficient (r) measures the strength of linear relationships
between two quantitative variables and helps to reveal differences
among variables relevant to chemical weathering processes. The
significance of linear correlations was determined using the Pear-
son product-moment correlation coefficient with SPSS version 19.
This method allows for statistical evaluation of analytical results
and identification of potential relationships between elements and
other test values. The statistical results for each profile are pre-
sented at Appendix Table 2 of Supplementary information.

4. Results

4.1. Distribution of trace and rare earth elements
4.1.1. Distribution of trace elements and variation with depth
The results of the trace element analysis are summarized in

Table 1. Three groups of trace elements can be identified based on
their behavior along the black shale profiles:
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(1) Large ion lithophile elements (LILE), including Mn,  Rb, Ba,
r, Pb, Cs, Th, and U (Schilling, 1973). In profile A, Rb and Ba
ere observed higher concentrations in the weathered shale than

n parent shale, whereas Sr, Pb, and U decreased considerably in
he weathered shale (Table 1). The Mn  concentration gradually
ecreased from the bottom of the profile upward to a depth of
.75 m and then sharply increased at depths above 0.75 m,  whereas
oncentrations of Cs and Th were not strongly depth-dependent.
n profile B, Rb and Ba were enriched in weathered shale relative
o the parent shale, while Pb and U decreased along this transect.
oncentrations of Mn  and Sr were highly variable with depth with
inimum values of 45.31 ppm and 79.68 ppm, respectively, mea-

ured at a depth of 3.2 m.  In profile B, Cs and Th followed trends
imilar to those observed in profile A. In profile C, comparisons
etween parent shale and weathered shale showed that concen-
rations of Rb, Cs, Pb, and Th increased, whereas Sr and U decreased
ith decreasing depth. Mn  was concentrated in the lower regions

f saprock and at the top of the regolith, with minimum concentra-
ions measured at a depth of 1.5 m.  In profile C, Ba concentrations
uctuated along this transect and with a maximum concentration
f 8252.90 ppm measured in the saprock zone at a depth of 6.2 m.

(2) Trans-transition elements (TRTE), including Co, Cr, Cu, Ni,
, Sc, and Zn (Jenner, 1996). Concentrations of Sc generally had

ess variation compared with other TRTEs along the three different
ransects (Table 1). In profile A, V concentrations were consider-
bly lower compared to the parent shale, and Co, Ni, Cu, and Zn
ecreased from the protolith to the middle part of the saprock (min-

mum value observed at 0.65–0.75 m)  and then sharply increased
bove 0.65 m in depth. Conversely, Cr was concentrated in the mid-
le part of the saprock and decreased above 0.55 m in depth. In
rofile B, Cr was observed at relatively high concentrations, while
i and Co were found at relatively low concentrations in weathered

hale compared with parent shale. V concentrations were fairly
ow in weathering products compared with parent shale. Concen-
rations of Cu and Zn fluctuated with depth and were highest in
he regolith and saprock zone, respectively. In profile C, V and Cr
ecreased from the protolith to regolith, except for samples C-10 at

 depth of 9.0 m.  Cu concentrations were fairly constant from 3.0 to
0.5 m in depth, but sharply decreased at 1.0–2.0 m.  Concentrations
f Co, Ni, and Zn in the protolith were lower than levels observed at
epths of 4.0–9.0 m,  but greater than those measured above 4.0 m,
xcept for sample C-1 at 0.5 m depth.

(3) High-field strength elements (HFSE), including Ga, Ge, Zr, Nb,
f, Ta, and Ti (Saunders et al., 1980; Panahi et al., 2000). Comparison
f parent shale and weathered shale showed that concentrations
f Ge and Ta remained relatively constant along three profiles,
hereas Ga, Zr, Hf and Ti increased (except for Zr and Hf element in

he regolith zone in profile B). Nb concentration remained relatively
onstant in profile A, but was present at higher levels in weathered
roducts than in protolith in profile B and C.

.1.2. Total REE + Y contents and variation with depth
REE concentrations within the three profiles and SS are shown

n Table 2, and the average REE concentrations of each zone are
rovided in Fig. 2. In this paper, we divided REE (La to Lu) into

ight REE (LREE, La to Nd), middle REE (MREE, Sm to Dy), and
eavy REE (HREE, Ho to Lu). Concentrations of total REEs ranged

rom 141.89 ppm to 176.48 ppm, 127.34 ppm to 183.16 ppm, and
27.57 ppm to 255.85 ppm in profiles A, B, and C, respectively
Table 2). In profile A (Fig. 2a), the total average LREE content grad-
ally increased from parent shale upward to the regolith zone. The
otal average MREE, HREE and Y contents diminished from the

arent shale to saprock zone, and increased at the regolith zone.

n profile B (Fig. 2b), the average LREE content was  enriched in
eathered shale compared with the parent shale, but displayed

 maximum average value in fractured shale (142.50 ppm). The
e 75 (2015) 403–417

average MREE and HREE contents ranged from 16.37–23.30 ppm
and 7.67–12.09 ppm, respectively, with maximum values for both
occurring in the regolith zone. Y content increased sharply from the
parent shale to regolith material. In profile C (Fig. 2c), the average
LREE content was  enriched in the weathered products (ca. 1.7- to
1.9-fold higher than in the parent shale). The average MREE content
increased in fractured shale (32.05 ppm), but decreased sharply in
the saprock and regolith. The HREE and Y displayed similar patterns
to those observed with MREE, in that the contents of HREE and Y
increased from the parent to fractured shale, but decreased in the
saprock and regolith zone (Fig. 2c). In addition, the average LREE
content at SS was  determined to be 137.63 ppm, considerably lower
compared with the regolith of profile C. MREE, HREE, and Y con-
tents were 23.03, 9.34, and 39.39 ppm, respectively (Table 2), levels
approximately equal to those measured in the regolith material of
profile C.

4.2. Mobilization of trace elements and REE + Y during weathering

4.2.1. Mobilization of trace elements during weathering
The gain or loss of trace elements calculated using Eq. (1) is

shown in Fig. 3. The �Ti,j values for Rb, Th, and Sc approached zero
in all three profiles, indicating that these elements were relatively
immobile along the three transects, except for Th and Sc, which dis-
played slight losses in the saprock in profile A (Fig. 3a and b). The �Ti,j
values for Pb were less than zero in profiles A and B (Fig. 3a and d)
and considerably greater than zero throughout profile C (Fig. 3g).
The �Ti,j pattern for Ge displayed enrichment in the regolith and
upper part of saprock zones and depletion in the lower part of
saprock and fractured shale zones in profiles A and B, showing an
“addition” pattern (Fig. 3c and f; Brantley et al., 2007). The �Ti,j val-
ues of U and V were less than zero in all three profiles (except for V
at 2.5 m in profile B) and tended to decrease with decreasing depth
(“depletion” pattern).

In profile A, the �Ti,j values of Sr were less than zero in regolith
and saprock zone, but greater than zero at the bottom of saprock
and fractured shale. Conversely, the �Ti,j values for Mn, Ba, Co, Ni,
Cu, and Zn were greater than zero in the regolith, less than zero
in the middle part of the saprock zone, and close to zero in the
fractured shale (Fig. 3a and b). The �Ti,j values for Cs were near zero
in the regolith and fractured shale, but showed �Ti,j values greater
than zero in the saprock zone (Fig. 3a). The �Ti,j values for Nb, Ta,
and Cr approached zero, but Zr, Hf, and Ga displayed similar �Ti,j
patterns, with �Ti,j values decreasing slightly with depth in profile
A (Fig. 3b and c).

In profile B, the �Ti,j values for Cs, Ba, Sr, Cu, and Cr were con-
siderably greater than zero in the regolith and saprock zones, with
maximum values observed in the regolith (3.11 for Ba, 0.81 for Sr,
6.16 for Cr, and 3.67 for Cu) and in the saprock (0.55 for Cs), in
agreement with an “addition” pattern (Fig. 3d and e). The �Ti,j val-
ues for Mn  peaked at the top of the saprock zone (maximum value
of 0.95), but less than zero in the remainder depths (Fig. 3d). For Ni,
Co, and Zn, �Ti,j values were less than zero in the regolith and upper
part of the saprock zones, but a peak value was observed at the bot-
tom of saprock zone (4.0 m)  (Fig. 3e). Nb, Ta, and Ga accumulated
along this transect and displayed an “addition” pattern (Fig. 3f). By
contrast, Zr and Hf were depleted in the regolith zone and enriched
within the middle part of the saprock at a depth of 3.2 m (0.26 for
Zr and 0.21 for Hf) (Fig. 3f).

In profile C, �i,j values of trace elements (except for Mn, Pb, and
Co) became increasingly negative with decreasing depth (Fig. 3g–i).
The �Ti,j values for Mn  and Co were greater than zero at deeper parts

of the profile (except for C-1) and less than zero in the remainder of
the regolith and the upper part of saprock zones. For Cs, Ba, Sr, Cr, Ni,
Cu, Zn, Ge, Nb, and Ta, �Ti,j values were significantly less than zero
throughout the profile C, indicative of high mobility and “depletion”
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Fig. 2. Total average contents of LREE, MREE, HREE and Y of each weath

atterns (Fig. 3g–i). The �i,j values for Zr, Hf, and Ga were greater
han zero (except for sample C-1), showing an “addition” pattern
Fig. 3i).

.2.2. Mobilization and redistribution of REE + Y during
eathering

Using Eq. (1), the �i,j values of REEs and Y are provided in Fig. 4.
n profile A, all REEs showed similar variation patterns. The REEs
ccumulated at low levels in the regolith, but were considerably
epleted in the saprock zone (Fig. 4a–c). Based on estimates from
he �i,j values calculated for REEs, accumulation in the regolith
eached maximum values of 0.10 for LREE, 0.36 for MREE, and 0.13
or HREE + Y. Conversely, MREE was depleted in the saprock (max-
mum of −0.65 for Eu and Gd), followed by HREE (−0.56 for Ho),
nd LREE (−0.33 for Nd). REEs mobility patterns in profile A can be
onsidered as “biogenic” with “immobile” multiple patterns.

In profile B, all REEs displayed similar patterns (excluding Ce)
nd similar behavior to the patterns observed in profile A (Fig. 4d–f).
ll REEs (excluding Ce) were enriched in the regolith zone. A peak
i,j value was measured at a depth of 1 m (sample B-2) and �i,j values
ere observed to increase with increasing atomic number. All REEs

excluding Ce) were slightly depleted in the saprock and fractured
hale. The losses observed in MREEs (minimum −0.50 for Gd, −0.81
or Eu) were greater than those of HREEs (−0.34 for Ho), followed
y LREE (−0.31 for Nd) in the saprock zone. Ce was separated from
ther REEs and remained immobile along this transect (except for
-1). Y exhibited a pattern similar to that of HREE and was  clearly
nriched within the regolith and depleted in the saprock and frac-
ured shale zones (Fig. 4f). All REEs patterns in profile B can be
egarded as “addition” patterns.

In profile C, REEs (excluding Ce) showed similar variation pat-
erns (Fig. 4g–i). The REEs were largely depleted from the regolith,
aprock, and upper portion of fractured shale zones, but enriched at
he bottom of the fractured shale. Ce displayed a constant enrich-

ent pattern along this transect, except for sample C-1 (Fig. 4g).
he �i,j value for Y was less than zero and tended to decrease with
ecreasing depth. All REE patterns of profile C are suggestive of
depletion” patterns.

.3. REE normalization

REE patterns normalized to the parent shale are shown in
ig. 5. In profile A, the LREEs concentrations are concentrated
arallel and close to the parent shale. MREE- and HREE-depleted
atterns were observed in the saprock zone (Fig. 5a). However,
REEs and HREEs in the regolith material displayed normalized

atios above 1 with more enrichment observed for MREEs than

or HREEs. In profile B, normalization of samples to the parent
hale showed that most samples with ratios above 1 exhibited
EE-enriched patterns, whereas samples (e.g., B-6) in the saprock
one were generally MREE-depleted, especially Eu (Fig. 5b). In pro-
zone in (a) profile A, (b) profile B, and (c) profile C at Chengkou County.

file C, the samples (except for C-oxide) normalized to the parent
shale exhibited LREE-enriched patterns, with greater enrichment
observed for Ce than for other LREEs (Fig. 5c). The MREE pat-
terns were enriched along the fractured shale and the lower
portion of saprock zone relative to parent shale, whereas the
regolith and upper portion of the saprock zones displayed a MREE-
depleted pattern (excluding Sm), especially for sample C-2 and
C-5. HREE patterns, however, were distinctly depleted in profile
C (Fig. 5c).

4.4. Ce and Eu anomalies

Ce has been shown to be redox-sensitive under weathering con-
ditions; it can be oxidized to the tetravalent state and is widely
used as an indicator of redox conditions (e.g., Taylor and McLennan,
1995; Morgan et al., 2012; Sanematsu et al., 2013). Thus, oxidiz-
ing conditions generally result in precipitation with Ce enrichment
forming positive Ce anomalies (German et al., 1991; Alibo and
Nozaki, 1999), while reducing conditions are associated with neg-
ative Ce anomalies. The ratios of [Ce/Ce*]N(P) are plotted in Fig. 6
for the three profiles. The [Ce/Ce*]N ratio of parent shale was 0.91,
0.84, and 0.52 in profile A, B, and C, respectively (Table 2). There-
fore, [Ce/Ce*]N ratios displayed negative anomalies in all profiles,
indicating that black shale was deposited under reducing condi-
tions. The [Ce/Ce*]P ratio was slightly greater than 1 in profile
A (Fig. 6a), indicating that Ce was gradually oxidized and pre-
cipitated as CeO2 in oxidized environment. In profile B (Fig. 6b),
the [Ce/Ce*]P anomaly became negative in the regolith zone (Ce
concentration is less than that in the parent shale), indicating
that Ce depletion occurs more readily in this zone relative to
other REEs. The [Ce/Ce*]P ratios for remaining samples were near
1, indicating that under oxidized environment. In contrast, the
[Ce/Ce*]P value of samples in profile C exhibited significant pos-
itive Ce anomalies (Fig. 6c). It can be concluded that [Ce/Ce*]P
values generally exhibited positive anomalies in the three pro-
files, indicating that Ce (III) oxidized to Ce (IV) as insoluble CeO2
and that an oxidizing environment was present during weathering
processes.

The ratios of [Eu/Eu*]N(p) are plotted in Fig. 6. All samples in
the three profiles showed significant negative [Eu/Eu*]N anomalies.
Theoretically, Eu is oxidized to trivalent in oxidizing environ-
ments and reduced to divalent in reducing environments (Brookins,
1989; MacRae et al., 1992). In profile A (Fig. 6a), most of [Eu/Eu*]P
ratios were greater than 1. These positive [Eu/Eu*]P anomalies
suggest that profile A was  transformed into oxidizing environ-
ment during weathering. In profiles B and C (Fig. 6b and c), the
[Eu/Eu*]P ratios calculated for weathered samples revealed nega-

tive anomalies (excluding sample C-1) along the transects. Previous
studies have suggested that Eu is preferentially mobile and released
from rocks under reducing conditions during water-rock interac-
tion (Sverjensky, 1984; Bau, 1991). Therefore, the Eu may  have
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Fig. 3. The mass transfer coefficients (�Ti,j) for trace elements in profiles A (a–c), B (d–f) and C (g–i) at Chengkou County.
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Fig. 4. The mass transfer coefficient (�) for LREE (a, d, g), MREE (b, e, h), and HREE + Y (c, f, i) in profiles A (a–c), B (d–f), and C (g–i) at Chengkou County.
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Fig. 5. REE patterns normalized to parent shale in three profiles. Samp

een preferentially removed from other REEs, resulting in native
Eu/Eu*]P anomalies when the weathering degree reached a mod-
rate to intense stage.

.5. SEM-EDS

Specimens analyzed from C-8 in the saprock zone displayed dis-
inct crystal and sheet structures (Fig. 7a). The block-like crystal in
ig. 7a yielded Ca, P and F signals, suggesting an apatite mineral

ontaining Ni, Nb, and Ta (Fig. 7c). Fine grain and tiny spheroids
ere observed to cover the surface of sample C-3 from the regolith

one (Fig. 7b) with grain sizes less than 0.5 �m in diameter. EDS
easurements of select spheroid material yielded with K, Fe, Al,
m (a) profile A, (b) profile B, and (c) profile C (excluding sample C-10).

and Si signals, indicative of Fe/Al-oxide or hydroxide minerals rich
in La, Ce, Pr, Nd, Sm,  and Ho (Fig. 7d).

5. Discussion

5.1. Behavior and specific relationship of trace elements during
weathering

5.1.1. Behavior of LILE
The LILE are known to be highly soluble and susceptible to chem-
ical weathering processes, with Mn,  Sr, and Ba considered the most
easily mobilized elements (Fig. 3a, d and g). Inconsiderable enrich-
ment of Mn  was  persisted in the top section of profiles A and C,
where enrichment may  result from input sources such as atmo-
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Fig. 6. Depth profiles showing variations in Ce and Eu anomalies in (a) profiles A, (b) profile B, and (c) profile C at Chengkou County.

Fig. 7. (a) SEM photomicrographs with EDS analysis of apatite (sample C-8) from profile C; (b) SEM micrographs of spherical aggregates of Fe/Al-oxides or hydroxides on
surface  of silicate (sample C-3) from profile C; (c) and (d) EDS analysis was  focused from white box in (a) and (b), respectively. Au peak was from gold powder sputter-coated
onto  sample.
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pheric contamination, vegetation, or other sources (Herndon et al.,
011). Manganese (II) is also known to leach from host minerals
nd transfer through aqueous solutions. However, when it is oxi-
ized into Mn  (III, IV), Mn  can subsequently precipitate as insoluble
n-oxide or hydroxide in the weathering profile (e.g., Koppi et al.,

996). Therefore, Mn  was likely removed from the middle part of
he saprock zone in profiles A and B as a result of exposure to acidic
olutions (Fig. 3a and d), and re-precipitated in deep sections of
rofile C (Fig. 3g). The mobility patterns for Rb and Cs were fre-
uently co-associated with K, because they had significant positive
elationship with each other in profiles A, B, and C (rK-Rb = 0.962,
.943, 0.741; rK-Cs = 0.872, 0.413, 0.650; rRb-Cs = 0.954, 0.621, 0.981).
r is controlled by host mineral because it is hosted in Ca-bearing
inerals and co-association mobilized with Ca during weathering

rCa-Sr = 0.983, 0.469, 0.859).
U displayed depletion pattern during weathering process. This

bservation was attributed to weathering of U-bearing mineral
nder oxidizing conditions which resulted in the dissolution and
emoval of U from the profile through oxidation of U4+ to highly sol-
ble U6+ (e.g., Panahi et al., 2000). Uranium (VI) was adsorbed onto
e-oxide minerals (e.g., goethite) and the co-precipitation occurred
n the saprock (Moyes et al., 2000; Duff et al., 2002). The correlation
oefficient demonstrates that U is likely associated with Fe2O3 in
rofiles A and B (rFe-U = 0.594, 0.401). However, U is not strongly
orrelated with Fe2O3 in profile C (rFe-U = −0.192), where U may
ransform into oxic phases as very soluble UO2

2+. These results
uggest that an intense weathering which leads to the formation
f an oxic environment may  not alone result in U enrichment. Th
ainly exists in black shale as ThSiO4 and ThO2, with variable but

enerally high resistance to weathering (Braun et al., 1993).

.1.2. Behavior of TRTE
TRTEs can be strongly sorbed by Fe/Mn-oxides in slightly

cidic percolation solutions (pHs < 6) (McKenzie, 1980; Marques
t al., 2004). However, V was found to be insignificantly cor-
elated with Fe2O3 (rV-Fe = −0.007, −0.012, −0.141) and Cr was
eakly negatively correlated with Fe2O3 in all three profiles

rCr-Fe = −0.460, −0.484, −0.174). Sc, Ni, and Co were likely incor-
orated into Fe/Mn-oxides, because they exhibited a positive
elationship with Fe2O3 and Mn  in the three profiles (rSc-Fe = 0.544,
.531, 0.141; rCo-Fe = 0.407, 0.116, 0.370; rCo-Mn = 0.820, 0.675,
.314; rNi-Mn = 0.722, 0.053, 0.420). In addition, Ni, Co, Cu, and
n exhibited their mobilization and re-precipitation frequently
o-associating with each other, because they had moderate to
trong positive correlations with each other in profiles A and

 (rCo-Ni = 0.806, 0.521; rCo-Zn = 0.793, 0.441; rNi-Cu = 0.909, 0.672;
Ni-Zn = 0.868, 0.871; rCu-Zn = 0.758, 0.822).

.1.3. Behavior of HFSE
Nb and Ta displayed similar �i,j patterns due to similarity

f chemical properties. The �i,j patterns of Zr and Hf were also
imilar, as they belong to group IVB. Zr is commonly found in
uartz, and Zr tended to co-associate with SiO2 in profiles A and

 (rSi-Zr = 0.844, 0.799), and was negatively correlated with SiO2 in
rofile B (rSi-Zr = −0.667). All HFSEs were significantly correlated
r > 0.80) and frequently co-associated with each other. Assuming
hat Ti is conservative (inert index), HFSE may  have been enriched
r removed from the three profiles, indicating that HFSEs were rel-
tively mobile with mobility increasing with increasing weathering
egree.

.2. REE behavior and fractionation during weathering
Mobility differences among REEs observed during weathering
ikely resulted in REE fractionation in weathering profiles. The REE
ormalization results of profile A demonstrated the lack of sig-
e 75 (2015) 403–417

nificant weathering fractionation among LREEs and the relatively
little impact on REE fractionation in the regolith and saprock zone
(Fig. 5a). LREE accumulation increased with weathering degree and
resulted in significant HREE depletion pattern. Meanwhile, MREE
displayed a depletion pattern in the saprock zone and an enrich-
ment pattern in the regolith zone in profile B and C (Fig. 5b and c).
Therefore, chemical weathering processes appear to exert signifi-
cant effect on REE fractionation at profiles B and C, in agreement
with above results from the REE mobility analysis (Fig. 4). This
observation is important given that REEs are generally found to be
more mobile in profile C than in profile B, with the lowest mobility
observed in profile A (Fig. 4a–i).

Quantitative expressions of REE fractionation typically use
(La/Yb)N ratios, which indicate the degree of steepness or sepa-
ration between LREE and HREE during weathering process (e.g.,
Aubert et al., 2001; Ji et al., 2004; Yusoff et al., 2013). Other
approaches refine REE further by showing inter-group fractiona-
tions between LREE and MREE (La/Sm)N and between MREE and
HREE (Gd/Yb)N (e.g., Ji et al., 2004; Stille et al., 2009). (La/Yb)N,
(La/Sm)N, and (Gd/Yb)N ratios are provided in Table 2 and plot-
ted in Fig. 8. In profile A (Fig. 8a), LREE/MREE and LREE/HREE
fractionation occurred in the regolith zone, because (La/Sm)N and
(La/Yb)N ratios of regolith were less than those of parent materials.
However, significant REE fractionation occurred in the saprock, as
shown by the high values of (La/Sm)N and (Gd/Yb)N. In profile B
(Fig. 8b), REE maintained uniform fractionation patterns. But, sig-
nificant LREE/HREE fractionation occurred at 1.0 m,  and LREE/MREE
and MREE/HREE fractionation occurred at 3.2 m.  These results are
consistent with HREE enrichment and MREE depletion patterns,
respectively (Fig. 5b). In profile C (Fig. 8c), the (La/Yb)N fraction-
ation factor decreased with increasing depth, while (La/Sm)N and
(Gd/Yb)N remained constant along transect, indicating significant
LREE/HREE fractionation, which is consistent with the results of
LREE enrichment analysis. These results suggest that LREE enrich-
ment is a result of both LREE accumulation and depletion in HREE
(Fig. 5c).

5.3. Factors controlling trace elements and REEs
mobilization/fractionation

Mobilization and fractionation of trace and REEs in chemical
weathering profiles are primarily constrained by weathering con-
ditions (e.g., climate, solution pH, and solution complexes) and
relevant primary and secondary minerals (e.g., goethite, titanite,
and colloid) (Panahi et al., 2000; Ji et al., 2004; Feng, 2011; Ma et al.,
2011a). Li et al. (2014) also demonstrated that biological processes
are an important factor in dissolution of minerals; these processes
may  support differential recycling or differentiation of elements
in profile A. Subtropical climate and different topographies likely
caused the formation of three different weathering degree profiles,
resulting in an increase in trace and REEs mobility with weathering
degree.

In equilibrium with atmospheric CO2 and O2, meteoric water
with dissolved carbon dioxide and dissolved oxygen (DO) can
become weakly acidic and infiltrate into deep black shale. Pyrite
and organic matter are oxidized by DO to produce sulfuric acid
and organic acid in solution. The percolating solution decreases pH
within the weathering profile and can lead to dissolution of primary
minerals (e.g., albite, calcite, and apatite) and mobilization of trace
and REEs coupled with primary minerals. The pH of the percolating
solutions is an important factor that controls the mobilization and
redistribution of the trace and REEs in the weathering profile. In this

study, pH exhibited positive correlation with REE, especially MREE
(rMREE-pH = 0.657, 0.556, 0.275; rHREE-pH = 0.496, 0.281, 0.388), and
also with trace elements (rSr-pH = 0.767, 0.564, 0.559). The leaching
of trace and REEs is pH dependent; solubility of trace and REEs will
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Fig. 8. The rations of (La/Yb)N, (La/Sm)N, and (Gd/Yb)N plotted with dep

ncrease and MREE tends to dissolve more readily than HREE and
REE at low pH, while higher pH can induce precipitation (data and
gure in Appendix Table 3 of Supplementary information; Duddy,
980; Aubert et al., 2001; Patino et al., 2003; Sun et al., 2012). The
ercolating acidic solution can easily carry migrating REEs from the
iddle section of saprock zone at low pH into the bottom of the

aprock zone and fractured shale (Table 2). The MREEs exhibited
epletion pattern in the saprock zone in all three profiles, which

s consistent with MREE dissolution and displayed enrichment in
olution at lower pH from acidic water/shale interaction experi-
ent (Appendix Table 3 of Supplementary information; Olías et al.,

005; Zhao et al., 2007; Ferreira da Silva et al., 2009). As the perco-
ating solution interacts with shale at middle depths of profiles, H+

on concentrations decrease in the solution, resulting in an increase
n the pH value. This phenomenon results in re-precipitation of
race elements and REEs as hydroxides and/or in the adsorption of
hese elements onto clay mineral surfaces. In addition, the depth of
e-precipitation (saprock front) was found to increase with increas-
ng weathering degree. This observation was consistent with the
epth of the saprock front in profile C, which was  greater than that

n profiles A and B.
Primary minerals play an important role in mobilizing REE and

race elements. Previous studies have shown that muscovite, mon-
zite, and apatite are particularly important factors in trace element
nd REE mobility (Compton et al., 2003; Yusoff et al., 2013). A sig-
ificant positive correlation was found among MREE, HREE, and
2O5 (rMREE-P = 0.730, 0.475, 0.214; rHREE-P = 0.765, 0.569, 0.264). Ni,
b, and Ta were mobilized as a result of apatite decomposition

Fig. 7a and c). These phenomena show that P-bearing minerals
e.g., apatite) play an important role in controlling trace and REEs

obilization during weathering. Eu2+, Ca2+, and Sr2+ possess identi-
al chemical charge and similar ion radii. Therefore, Eu2+ can easily
eplace Ca2+ or Sr2+ in Ca- or Sr-bearing minerals in the weathering
rofile (Panahi et al., 2000), in agreement with the positive cor-
elation with each other (rEu-Ca = 0.457, 0.438, 0.405; rEu-Sr = 0.494,
.172, 0.598). Muscovite and albite also dominate the REE content

uring weathering processes. Thus, Muscovite, albite, and apatite
re important factors in the evolution of fractionation patterns. As
hemical weathering progresses, trace and REEs can also be gradu-
lly released from the breakdown of more resistant minerals (e.g.,
files in (a) profile A, (b) profile B, and (c) profile C at Chengkou County.

zircon, titanite) and can then be taken up by solutions, leading to
mobility, enrichment/depletion, and fractionation within the pro-
files.

Aside from primary minerals, secondary minerals (colloids) and
organic matters are also important factors affecting the mobiliza-
tion and fractionation of trace elements and REEs (Stille et al., 1999;
Aubert et al., 2001; Sun et al., 2012). As weathering proceeds, Fe,
Al, and Mn  were released from primary mineral and formed sec-
ondary minerals and colloids. Thus, Fe/Al/Mn- oxides or hydroxides
may also result in elemental enrichment or depletion in weather-
ing profiles (e.g., Pokrovsky and Schott, 2002; Neaman et al., 2005;
Pokrovsky et al., 2010; Andrews et al., 2011), which is consistent
with significant relationship among LREE, Al, and Mn  in these three
profiles (rLREE-Al = 0.514, 0.360, 0.485; rLREE-Mn = 0.604, 0.733). Some
trace elements, such as TRTEs, can be sorbed by Fe/Mn-oxides dur-
ing weathering process as discussed previously. Additionally, Pb
element has affinity for Fe/Mn-phases as weathering proceeds in
three profiles (rPb-Fe = −0.023, 0.335, 0.499; rPb-Mn = −0.301, 0.561,
0.418), indicating that Pb may  be increasingly adsorbed in the sec-
ondary Fe/Mn- oxides or hydroxides with increasing weathering
degree (Tuttle et al., 2009). Differences in the relative affinities of
REE are ultimately caused by chemical property, which results in
preferential scavenging of MREE and HREE and subsequent trans-
port through the solution, but LREEs were strongly retained by clay
minerals and colloids on the surface of silicate (Fig. 7b and d; Åström
and Corin, 2003; Bao and Zhao, 2008). Organic matter can also form
organic colloids or ligands (Andrews et al., 2011). Several trace ele-
ments are strongly sorbed by organic matters (rOM-Sr = 0.701, 0.317,
0.874; rOM-U = 0.792, 0.241, 0.763). MREEs and HREEs were also
affected by organic matter in profile C, which was  exposed to mod-
erate to intense weathering (rOM-MREE = 0.604; rOM-HREE = 0.678).
Together these processes resulted in LREE/MREE and HREE frac-
tionation during chemical weathering.

6. Conclusion
The results of the present study suggest the following general-
ized conclusions:

(1) Based on mass transfer coefficient (�i,j) calculations, Mn,
Sr, Ba, Pb, U, V, Cr, Co, Ni, Cu, and Zn are easily mobilized in
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eathering profiles, whereas Sc, Rb, and Th patterns are relatively
mmobile compared to Ti. The high field strength elements are also

obile during weathering, demonstrating Nb-Ta and Zr-Hf covari-
nt mobilization. The depth of trace elements mobilization and
e-precipitation (saprock front) increases with increasing weath-
ring intensity.

(2) LREE, MREE, and HREE displayed similar behavior. All REE
re enriched in the regolith zone in mid-ridge (A) and near moun-
aintop (B) profiles, while depleted in saprock zone in all three
rofiles. Preferential removal of MREEs relative to HREEs and LREEs
t low-pH occurs in the saprock zone. REE mobilization (�i,j value)
s dependent on pH and increases with weathering intensity. So
his weathering leads to a fractionation so that depletion of MREE
s stronger than that of HREE and LREE in saprock zone, resulting in
REE enrichment increase with increasing weathering degree. The
EE fractionation sequence is as follows: valley (C) >near moun-
aintop (B) >mid-ridge (A). The positive Ce anomalies relative to
arent shale result suggest the development of oxidizing conditions
s weathering proceeds.

(3) Trace elements and REEs are retained in primary minerals
nd form certain secondary minerals; these elements are mobilized
s primary minerals decompose. The behavior of trace elements
nd REEs during mobilization and redistribution differs when they
re affected by pH value, weathering intensity, and secondary min-
ral phases, especially Fe/Al/Mn oxides or hydroxides. Therefore,
olution pH, primary minerals, and secondary minerals play impor-
ant roles in the mobilization, redistribution, and fractionation of
race and REEs in black shale weathering profiles.
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