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Abstract

Modern river sediments sampled from the Weihe River, Central China, were analyzed in regard to facies, grain size, major and
trace element, and rare earth element (REE). The main aim of the study was to investigate source rock provenance and
paleoweathering intensity. Grain-size and outcrop analyses indicate that sediments from the Weihe River are predominantly slit
(< 62 um) and sand (62 pm to 2000 pm). Major and trace element concentrations show inverse correlations with SiO, content
and grain size. Silty sediments are enriched in REE relative to upper continental crust (UCC), whereas sandy sediments tend to be
depleted. UCC-normalized REE distribution fingerprints indicate that the silt sediments are mainly derived from the Loess
Plateau, while sandy sediments are mainly sourced from the Qinling Mountains. Discrimination functions and La/Th ratio and
Hf abundance discrimination diagram also show that silty sediments are mainly derived from quartzose sediments, the main
components of Loess Plateau, while sandy sediments are mainly derived from felsic igneous source, the main components of
Qinling Mountains in the region where tributaries flow. The chemical index of alteration (CIA), plagioclase index of
alteration(PIA), and chemical index of weathering (CIW) suggest that Weihe River sediments are immature and have experi-
enced relatively minor chemical weathering. This work has an important bearing on the general understanding of the role that
source rock characteristics and weathering regime have on the formation of clastic sediments in modern rivers and provides a
critical baseline for which future work on the Weihe River sediments can be evaluated against.
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Introduction

The chemical record of clastic sediments has been widely used
for the determination of provenance and weathering in the source
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region (Bhatia 1983; Condie et al. 1992; Cullers 1988; Fedo et al.
1996; Feng and Kerrich 1990; McCann 1998; McLennan et al.
1983; Nesbitt et al. 1996; Tripathi et al. 2007). Particularly, the
use of immobile major and trace elements, such as Al, Fe,Ti, Th,
Sc, Co, and Zr, which are thought to be carried in the particulate
load, and the rare earth elements (REEs), have been found to be
useful indicators of the source (Taylor and McLennan 1985).
The use of these immobile elements in provenance determination
is based on the assumption that these immobile elements undergo
little geochemical fractionation during denudational processes
(Singh 2009). The immobile elements such as Al, Fe, Ti, Th,
Sc, Co, and Zr and the REEs are commonly concentrated in the
fine-grained sediments because their host minerals occur in that
size range. Therefore, during the process of sediment transport
and deposition, these immobile elements tend to concentrate in
suspended load of the river leaving the bed-load sediments de-
pleted in them. In contrast, coarse-grained sediments may show
sorting effects, especially for zircon and Ti-oxidex (Manikyamba
et al. 2008; Sugitani et al. 2006).
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The weathering products of silicate rocks are particularly use-
ful for evaluating continental weathering (Berner 1992;
Gaillardet et al. 1999; Price and Velbel 2003; Velbel 1993).
Rivers deliver an immense amount of weathered terrigenous
matter to the sea, and this delivery plays a key role in earth
surface process. The chemical weathering rates on continents
are controlled by many factors, including the source rock type,
climate regime, tectonic and topographic settings, vegetation, soil
development, and human activities (Berner 1992; Gaillardet et al.
1999; Grantham and Velbel 1988; Meybeck 1987; Oliva et al.
2003; Stallard 1995). Various sediment geochemical proxies
have been proposed to study the intensity of chemical weathering
on continents primarily based upon the variable geochemical
behavior of specific elements. Among these weathering indices,
the chemical index of alteration (CIA; Nesbitt and Young 1982),
the plagioclase index of alteration (PIA; Fedo et al. 1995), and
the chemical index of weathering (CIW; Harnois 1988) are the
most well-established methods for quantifying the degree of
source weathering.

The Weihe River, which is the largest tributary of the Yellow
River (China) located between Qinling Mountain and Loess
Plateau, is an important source for potable water and agricultural
irrigation in the Shaanxi province of northwest China. The region
is well developed in industry and agriculture. Therefore, exploi-
tation of building sands and the pollution of heavy metal and
harmful element pollution in the Weihe River have attracted
much attention (Lei et al. 2008; Li et al. 2014; Wang et al.
2011; Zhang et al. 2012b, ¢). In this study, we measured the
contents of major elements, trace elements, rare earth elements
(REEs), and grain-size distribution in the suspended and the bed-
load sediments of six outcrops, comprising 14 samples, from the
lower Weihe River. Abundances of major and trace elements,
along with REE concentrations, and viewed in light of sediment
texture and grain size, are combined to evaluate the provenance
and weathering intensity experienced by the source rocks of the
Weihe River sediments. Therefore, the objectives of this study
were to (1) investigate sedimentary characteristics of sediments
in the Weihe River; (2) evaluate the sources of the sediments in
Weihe River based on the correlations of major elements, trace
element, and REE between possible source rocks and river sed-
iments; and (3) evaluate the weathering intensity for the river
sediments in Weihe River. This study has an important bearing
on the general understanding of the role that source rock charac-
teristics and weathering regime have on the formation of clastic
sediments in modern rivers and provides a critical baseline for
which future work on the Weihe River sediments can be evalu-
ated against.

Geologic setting

The Weihe River, which is the largest tributary of the Yellow
River (China), originates north of the Niaoshu Mountains of
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Weiyuan County, Gansu Province, and mainly flows through
Tianshui of Gansu Province and Baoji, Xianyang, Xi’an,
Weinan, and so on of Weihe Plain (also called Guanzhong
Plain), Shaanxi Province (You et al. 2019). The Weihe Plain
is important geographically and tectonically. It is adjacent to
the Loess Plateau in the north and the North Qinling
Mountains (NQM) in the south (Zhang et al. 2012a). It finally
merges into the Yellow River at Gangkou Town, Tongguan
County. The length of the river is 818 km, and the area drained
covers 135,000 km? (Li et al. 2018). The Weihe River has
several tributaries, including the Bangsha, Hei, and Feng riv-
ers in the south and the Hulu, Jing, and Luo rivers in the north
(Fig. 1). Passing through the Qinling Mountains and Loess
Plateau, they carry sediment from multiple sources, including
granitic rocks and older sedimentary rocks, as well as fine-
grained sediments, from the Qinling Mountains and Loess
Plateau, respectively. With the exception of limited water pol-
lution and environmental assessment data on the Weihe River
(Fan 2014), few geochemical studies focusing on the sedi-
ments have thus far been conducted, leading to a critical lack
of context.

The Loess Plateau, to the north of the Weihe River, is
dominantly composed of fine-grained silt, while to the south,
the NQM are predominantly composed of igneous rocks, such
as granite, as well as some older sedimentary units (Fig. 1;
Guo et al. 2007; Liu et al. 2009; Zhang et al. 2001). Heavy
loads of suspended sediments that are sourced from the Loess
Plateau have led the Weihe River to have appeared yellowish
in color. Tributaries to the north of Weihe River are generally
longer, while southern branches originating from NQM are
shorter but volumetrically provide a greater flux of water.

Sampling and analyses

Sampling was conducted during April of 2018, and a total of
14 field outcrop samples were collected using a plastic grab
sampler. Sample location and lithologies are indicated in Fig.
1 and Table 1, respectively. Each sample collected was sub-
sampled, and splits were subsequently used for grain size and
geochemical analyses. Samples were stored in clean, sealed,
polythene bags and then returned to the State Key Laboratory
of Continental Dynamics, Northwest University.

A Malvern MS-2000 laser diffraction particle size analyzer
was used to determine the grain-size distribution over the par-
ticle size range of 0.02 to 2000 pwm. Particle size measure-
ments were made by sieving the sediment to ensure a grain
size of < 2000 wm. For geochemical analyses, sediment sam-
ples were powdered to 200 mesh in a tungsten carbide ball
mill and then dissolved using an HF + HNO; mixture in
Teflon bombs at 190 °C for 48 h. Trace elements and REE
concentrations were measured on an Elan 6100 DRC induc-
tively coupled plasmas mass spectrometer (ICP-MS) at the
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Fig. 1 Geologic map of the Weihe River catchment area showing distribution of the granitoids, loess, and sedimentary rocks. The tributaries of Weihe
River and sample locations are also provided. The base map is modified after a geological map of the Qinling and Dabashan area (Zhang et al. 2001).

State Key Laboratory of Continental Dynamics, Northwest
University, China, the detailed analytical procedure which is
described by Liu et al. (2007). The analytical precision is
estimated to be better than 5% for the majority of REE and
trace elements, except for Be, Ga, Cs, Gd, and Th, which are
estimated to be between 5 and 10%. Major elements were
analyzed by X-ray fluorescence on a Rigaku RIX 2100 at
the State Key Laboratory of Continental Dynamics,
Northwest University, China, and analytical precision is better
than 5%.

Facies and grain-size variations
Facies

Quaternary sediments deposited in the lower Weihe River
consist of yellow and light grey sands, pebbly sands, silt,
and muds (Fig. 2). Outcrops are exposed on the southern
banks of the Weihe River, and sediments were sampled from
outcrop sections at depths from 0.5 to 4.5 m (Fig. 2d).
Sediments dominantly consist of stacked sets of moderately
well-sorted fine-medium and coarse sands and are typically
0.3- to 1-m thick. Silt beds are commonly truncated by planar
beds of sand and fine gravel (Fig. 2b). These sand bodies have
local erosional bases and contain clearly defined graded bed-
ding (Fig. 2b). Planar cross-bedded sets, with an average
foreset dip of 30° and parallel bedding sets (Fig. 2a), are typ-
ically 0.3- to 0.8-m thick and can be traced laterally for tens of
meters. Low angle to horizontally bedded fine sand and silts,
approximately 0.6-m thick, were observed and typically

overlie a coarse sand facies. Depositional structures include
parallel bedding, cross bedding, and scour surface. Graded
bedding in the pebbly and fine-medium sands within this unit
indicates that they can be classed as a channel-fill facies
(Galloway and Hobday 1996).

The remaining sediments within the Weihe River consist of
light grey silt and muds. In exposed sections, the muddy-silt
set is preserved in the middle of the vertical profile and dis-
plays horizontal bedding, indicating a weak hydrodynamic
condition. Rain drop structures formed in the muds are also
observed (Fig. 2¢), indicating subaerial exposure. This unit is
usually interbedded with cross and parallel bedded sandstones
and is interpreted as an interchannel facies.

Grain-size variations

Grain-size parameters of fluvial sediments exposed in the dif-
ferent sedimentary facies that characterize this section of the
Weihe River were analyzed to support the interpretation of
geochemical variations. The coarse-grained (> 62 pm) sedi-
ments comprise the channel-fill facies, with fine sands (medi-
an size: 62 to 250 um) mainly located at the top part of the
section. The abundance of these fine sands varies within a
range of 44-66.1% (Table 2). Sediments in the lower part of
the section have a median size ranging from 250 to 2000 um
and are classified as medium to coarse sand. With regard to
cumulative volume percentage, these medium to coarse sands
vary from 42.2 to 44.9% for medium sands and 46% for
coarse sands (Table 2). Fine-grained muds and silt, with a
median size < 62 pum, account for 59.9-85.3% of the sedi-
ments (Table 2).
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Table 1 Sampling details for the Weihe River sediments
Section no. Sample ID Lithology Sample type Sample location
Section 1 WXMI1 Yellow fine and medium sands Bed-load sediments, channel-fill deposits N: 34° 25.8860"
E: 109° 00.1469
Section 2 WXM2 Yellow fine and medium sands Bed-load sediments, channel-fill deposits N: 34° 25.8872'
E: 109° 00.1543’
Section 3 WXS3 Yellow medium and coarse sands Bed-load sediments, channel-fill deposits N: 34° 25.8504'
E: 109° 00.1630’
Section 4 WXM4-1 Yellow fine and medium sands Bed-load sediments, channel-fill deposits N: 34°26.0117'
WXM4-2 Light grey silt and fine sands Suspended sediments, inter-fluve deposits E: 109° 00.2353'
WXM4-3 Yellow silt and fine sands Suspended sediments, inter-fluve deposits
WXM4-4 Yellow medium and coarse sands Bed-load sediments, channel-fill deposits
WXM4-5 Light grey silt and fine sands Suspended sediments, inter-fluve deposits
Section 5 WXMS5 Yellow medium and coarse sands Bed-load sediments, channel-fill deposits N: 34° 25.9891"
E: 109° 00.1576
Section 7 WXN7-2 Yellow medium and coarse sands Bed-load sediments, channel-fill deposits N: 36° 24.0742'
WXN7-3 Yellow silt and fine sands Bed-load sediments, channel -fill deposits E: 109° 00.3186'
WXN7-4 Yellow silt and fine sands Suspended sediments, inter-fluve deposits
WXN7-5 Yellow medium and fine sandstone Bed-load sediments, channel-fill deposits
WXN7-6 Light grey silt and fine sands Suspended sediments, inter-fluve deposits
Geochemistry several of the other major oxides, including Na,O and K,O.

Major elements

The major element composition of the Weihe River sediments
are provided in Table 3. In general, coarse-grained sands have
moderate to high SiO, contents, with mean values between
71.88 and 74.57%, indicating a significant quartz component.
Fine-grained sediments (mud to silt) tend to have lower SiO,
contents, with a mean value of 67.52% (Table 3). The abun-
dance of other major elements (Al,O3, Na,O, K,0, TiO,,
Fe,05, MnO, MgO, CaO, and P,0s) are well correlated with
SiO, (Fig. 3). In general, fine-grained samples have higher
AlO3, TiO,, Fe,05, MnO, MgO, CaO, and P,Os compared
to coarse-grained sediments. Negative linear relationships be-
tween SiO, and TiO,, Fe,O3, MnO, P,0s, Ca0O, and MgO in
the Weihe River sediments (Fig. 3) are likely attributable to
most of the Si being sequestered in quartz, rather than as a clay
component (Rahman and Suzuki 2007).

Following the physical and chemical weathering of source
rocks, as well as transport prior to deposition, there is often a
preferential enrichment of minerals, and their constituent ele-
ments, in the varying grain-size fractions (Sharma et al. 2013).
Accordingly, the sediment geochemical composition tends to
be a function of grain size (Whitmore et al. 2004). For exam-
ple, SiO, in the medium to coarse sand samples has an average
abundance of 74.7 £ 1%, whereas the fine to medium sands
average of 71.9 + 1.3%, and mud and silt samples average of
67.5 £ 2.1%. This indicates that SiO, content increases with
larger grain sizes (Fig. 4). Similar trends are observed for
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The average abundances of TiO,, Fe,05, MnO, MgO, CaO,
and P,0s tend to decrease with increasing grain size (Fig.4).

Trace elements

Trace element concentrations for Weihe River sediments are
presented in Table 3. Trace element concentrations are nor-
malized relative to upper continental crust (UCC) after Taylor
and McLennan (1985). Relatively immobile trace elements,
such as Cr and Ni, along with the major oxides Al,O3 and
TiO,, tend to undergo the least fractionation during sedimen-
tary processes (Hessler and Lowe 2006). Several of the fine-
grained samples (silt to fine sands mainly deposit in inter-
fluve environment) are enriched in Li, Cr, Ni, Y, Zr, Cs, and
Hf relative to UCC, while other trace elements such as Be, Sc,
V, Cu, Zn, Ga, Ge, Rb, Sr, Nb, Th, and U are depleted relative
to UCC (Fig. 5). Fine to medium sands samples (deposits
mainly at the upper or edge of the channel) are enriched in
Co, Ba and Pb relative to UCC, while other trace elements
such as Li, Be,V, Sc, Cu, Zn, Ga, Ge, Sr, Y, Zr, Nb, Hf, Th,
and U are depleted relative to UCC (Fig. 5). Medium to coarse
sand samples (deposits mainly at the bottom of the channel)
are enriched in Co, Ba, and Pb relative to UCC, while other
trace elements such as Li, Be, Sc, V, Ni, Cu, Zn, Ga, Ge, Y,
Nb, Cs, Hf, Ta, Th, and U are depleted relative to UCC (Fig.
5). All of the Weihe River samples are depleted in Cr and Ni
relative to world sediment (WS) (Cr, 74 ppm; Ni, 40 ppm;
McLennan 1995). The concentration of trace elements in river
sediments are the result of the competing influences of source
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Fig. 2 Characteristics of
Quaternary sediments from the
Weihe River and its tributaries. a
Yellowish fine and medium sands
with parallel and cross-bedding
structures. These represent the
channel-fill deposits in Section 2
of the Weihe River. b Yellow
coarse and medium sands with a
scour surface on top, and muddy
silt on the bottom, interpreted as
channel-fill and inter-fluve de-
posits, Section 4 (WXM4), Weihe
River; ¢ light grey weakly con-
solidated mudstone with rain drop
structures and are inter-fluve de-
posits, on top of Section 10,
Weihe River; d macroscopic out-
crops picture of Section 7, Weihe
River; e sandy conglomerate, the
fine gravels are dominantly com-
posed of granite, Feng River (lo-
cation: N 34° 12’ 48.0"; E 108°
44' 14.9"); f conglomerate, the
gravel are mainly composed of
granite, Ba River (location: N 34°
25'28.3", E 109° 00" 35.8").
Locations of sections are listed in
Table 1.

rock properties, weathering, diagenesis, sediment sorting, and
the aqueous geochemistry of individual elements (Rollinson
2014).

The effect of physical sorting of sediments often has the
most significant impact on trace element concentrations
(Singh 2009). Trace element concentrations in the Weihe
River sediments are close to those of UCC except for Sc, V,
Co, Cu, Zn, Nb, Ba, Hf, and U in the coarse-grained sediments
and Co and Zr contents in the fine-grained sediments (Fig. 5).
Furthermore, coarse-grained sediments typically have trace
element concentrations lower than the fine-grained sediments
(Table 3 and Fig. 5). The high trace element concentrations in
fine-grained sediments suggest that elemental enrichments
may be associated with the presence of clay minerals
(Konhauser et al. 1998; Konhauser et al. 1994; Kronberg
et al. 1979). The depletion of Sr and Nb is attributed to the
dilution effect that SiO, has in mud and silt sediments
(Bhuiyan et al. 2011; Tripathi et al. 2007).

Rare earth elements

Rare earth element (REE) concentrations and several charac-
teristic ratios for Weihe River sediments are provided in
Table 3, and concentrations for the paleosol and loess of the
Loess Plateau and granite of the Hei River are listed in Table 4
for comparison. Fine-grained particles, such as clay minerals,
are important vectors for REE (Taylor and McLennan 1985).
The total REE (XREE) concentrations of Weihe River sedi-
ments show wide variations, ranging from 65.78 to 166.74
ppm, with an average 118.8 ppm. Most samples have >REE
concentrations below that of UCC (146.37 ppm; Taylor and
McLennan 1985), and only four samples display enrichments
relative to UCC.

The LREE/HREE (light rare earth element/heavy rare earth
element) ratio varies between 8.03 and 9.87, with a mean of
8.81. Normalized Eu anomalies (Eu/Eu*) were calculated as
Euw/Eu* = Eun/(Smy + Gdy) % 1/2 (Taylor and McLennan
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Table 2 Particle size distribution,

cumulative percent by volume, Sample Cumulative volume percentage (%) Median

and median grain size of the D

Weihe River sediments

<4 4-62 62-250 250-500 um  500-2000 >2000 pum (1m)
pm pm pm pm
Muds Silt Fine sands  Medium Coarse sands ~ Conglomerate*
sands

WXMI 0.5 93 53.3 317 52 Null 193.8
WXM2 0.8 82 44.1 39 7.9 Null 2293
WXS3 0.7 3 7.8 40.6 46 Null 466.2
WXM4-1 0.5 3.6 61.1 222 12.6 Null 184.3
WXM4-2 45 78.6 16.5 04 - Null 34.1
WXM4-3 52 80.1 14.7 0 - Null 335
WXM4-4 15 143 16.3 44.9 23 Null 326
WXM4-5 1.9 52.3 383 24 5.1 Null 56.4
WXMS5 - 24 22.1 43.1 324 Null 370
WXN7-2 - 4.5 16.2 42.9 36.4 Null 399.9
WXN7-3 - 34 335 20.1 1.4 Null 58.5
WXN7-4 1.8 51.1 44 2.7 0.4 Null 57.6
WXN7-5 - 8.6 28.8 422 20.4 Null 298.8
WXN7-6 3.7 63.3 29.3 2.9 0.8 Null 439

Conglomerate: Conglomerate contents cannot be detected in Malvern MS-2000 laser diffraction particle size

analyzer

“-” presents an undetectable value

1985), with values ranging from 0.94 to 1.39, and a mean of
1.12. Cerium anomalies (Ce/Ce*) were calculated following
the formula Ce/Ce* = Ce n/(Lay + Pry) x 1/2 (Taylor and
McLennan 1985) (subscript N denotes a normalized
concentration, and for this paper, the normalizing values are
chondrite; Haskin et al. 1966). Cerium anomalies vary from
0.85 t0 0.97, with a mean of 0.91. Chondrite-normalized REE
distribution patterns for the Weihe River sediments (Fig. 6a
and b) (Haskin et al. 1966) display strong LREE enrichments
relative to the HREE. The REE distribution patterns can be
divided into two groups, fine-grained samples (WXM4-2,
WXM4-3, WXM4-5, WXN7-3, WXN7-4, and WXN7-6) that
display negative Eu anomalies and HREE enrichments about
10 times greater than chondrite values (Fig. 6a). Chondrite-
normalized patterns of the fine-grained sediments are similar
to averaged sediment sources known from the Loess Plateau,
including a paleosol (S,ye, 7 = 8) and loess sample (L,ye, 7 =7)
(Ding et al. 2001). Coarse-grained samples (WXM-1, WXM-
2, WXS3, WXM4-1, WXM4-4, WXMS5, WXN7-2, and
WXN7-5) display a slight positive Eu anomaly and a similar
LREE enrichment as observed for the fine-grained sediments
(Fig. 6b). Chondrite-normalized patterns of these coarse-
grained sediments are similar to the average REE composition
of the granite upstream of the Hei River (HG,., 7 = 8), a
tributary of Weihe River (Fig. 1). Relative to chondrite values,
La has a maximum enrichment between 51 and 117 times,
while Ho ranges between 4 and 15 times, and Lan/Yby ratios
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range between 0.9 and 1.22, highlighting the strong LREE
enrichment.

Rare earth element patterns were also normalized with re-
spect to UCC after Taylor and McLennan (1985). Average
UCC serves as an appropriate estimate for the average source
rock composition (Mao et al. 2014) and is widely used to
normalize REE concentrations in sedimentary samples (Mao
et al. 2014; Singh 2009). Weihe River sediments can be di-
vided into two groups based on their UCC-normalized REE
patterns (Fig. 6¢ and d). The fine-grained samples (WXM4-2,
WXM4-3, WXM4-5, WXN7-3, WXN7-4, and WXN7-6) are
characterized by REE abundances close to those of UCC (Fig.
6¢) and are similar to UCC-normalized values for S,,. and
L,ve (Ding et al. 2001). In contrast, coarse-grained samples
(WXM-1, WXM-2, WXS3, WXM4-1, WXM4-4, WXMS5,
WXN7-2, and WXN7-5) are depleted relative to UCC, and
similar to HG, .

Discussion
Provenance
REE distribution fingerprints are an important tracer for
source rocks, as REE are relatively immobile during

weathering and diagenetic processes (McLennan 1993). The
distribution patterns of the Weihe River sediments can be
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Fig. 3 Harker variation diagrams for major elements in the Weihe River sediments.

divided into two groups based on UCC-normalized REE dis-
tribution patterns (Fig. 6¢,d). UCC-normalized REE values of
silt samples (grain size between 4 and 62 pum) are mostly
greater than 1, while UCC-normalized REE values of sand
samples (grain size between 62 and 2000 pm) are less than
1 (Fig. 6¢,d). Silt samples show similar distribution patterns as
known average sediments S, and L,,. (Fig. 6¢), suggesting
the silty sediments were likely derived from the Loess Plateau
to the north. Sand samples have REE patterns similar to the
average composition of the granite from an upstream tributary,
HG,,. (Fig. 6d). This indicates that sandy sediments are

probably derived from the northern Qinling Mountain, where
granite is widely distributed and which lies to the south of the
Weihe River (Fig. 1). In addition, coarse sands and gravels
deposited in the Feng and Ba Rivers, tributaries of the Weihe
River (Fig. 1), are mainly granitic (Fig. 2e and f), supporting
the above inferences on the sediment sources. Overall, prov-
enance results indicate a bimodal source for sediments depos-
ited along the Weihe River, a sedimentary source from the
north that contributes fine-grained sediment, and a felsic ig-
neous source form the south contributing coarser grained
sediment.

—— Inter-fluve sdiments (silt to fine sands)
—=— Upper channel-fill sediments (fine to medium sands)
—eo— Bottom channel-fill sediments (medium to coarse sands)

Fig. 4 Element ratios relative to L5
Al,O5 for the channel-fill and Q
. . Q
inter-fluve sediments of the =)
Weihe River calculated from av- =
erage major element concentra- s 1 M\
tions and normalized to UCC _g
(Taylor and McLennan 1985) Q

3

2z 0.5F

4

R}

=z

O .
SiO, TiO, Al

0O,

TFe,0, MgO

Na,O

MnO CaO
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Fig. 5 Line diagram displaying 10
average trace element
concentrations of the Weihe River
sediments normalized to UCC
(Taylor and McLennan 1985).
Elements are plotted in order of
increasing atomic number (from
left to right) (number of samples =
14)

Wei River sediments/UCC

0.1

—— WXMI —a— WXM2 —o— WXS3 —a— WXM4-1
—4— WXM4-2 —— WXM4-3 —e— WXM4-4 —a-WXM4-5
—— WXM35 —— WXN7-2 —— WXN7-3 —4-WXN7-4

—— Inter-fluve sediment ( silt to fine sands)

—s— Upper channel-fill sediment (fine to medium sands)
—e— Bottom channel-fill sediment (medium to coarse sands)

Previous studies have demonstrated that the chemical com-
position of siliciclastic sedimentary rocks is a reflection of
their source regions and can be used to characterize the source
rocks from which the sediments were derived (e.g., Floyd and
Leveridge 1987; Garver et al. 1996; Roser and Korsch 1988).

Table4 Rare earth element abundances for the paleosol and loess of the
Loess Plateau (Ding et al. 2001) and granite from upstream of the Hei
River, Qinling Mountains (Lerch et al. 1995)

Save (1 =8) Lave 1=17) HGgye (n=8)
La 37 357 24.74
Ce 74 714 47.05
Pr 8.59 8.21 4.75
Nd 32.8 31 16.64
Sm 6.66 6.39 2.98
Eu 1.38 131 0.7
Gd 631 59 231
Tb 0.92 0.87 0.36
Dy 5.48 5.17 23
Ho 1.1 1.06 0.33
Er 328 3.06 0.98
Tm 048 045 0.15
Yb 328 3 0.9
Lu 048 0.44 0.13
YREE 181.76 173.96 104.31
LREE 160.43 154.01 96.85
HREE 21.33 19.95 7.46
LREE/HREE 7.52 772 12.99
Lan/Yby 6.39 6.74 15.63
Ew/Eu* 0.73 0.72 0.88
Ce/Ce* 0.9 091 0.92

S.ve average paleosol in Loess Plateau (Ding et al. 2001), L,,, average
loess in Loess Plateau (Ding et al. 2001), HG,,,, average value of upper
Hei River granite(Lerch et al. 1995)

@ Springer
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The discriminant function analysis of Roser and Korsch
(1988) has been carried out in order to investigate the prove-
nance of the sediments collected along the Weihe River.
Figure 7a shows the cross plot of these discrimination func-
tions, with silty sediments plotting in the quartzose sediments
of mature continental provenance zone, and most sandy sed-
iments plotting in the felsic igneous provenance zone. A La/
Th ratio and Hf abundance discrimination diagram (Fig. 7b),
after Floyd and Leveridge (1987), indicates that acidic igne-
ous rocks are the predominant sources of sandy sediments of
the Weihe River sediments, and old sediment component are
the predominant sources of silty sediments of the Weihe River
sediments.

Paleoweathering

The mobilization, fractionation, and redistribution of major
and trace elements are the primary results of weathering; and
hence elements preserved in sedimentary rock can be used to
reconstruct the paleoweathering intensity (Fritz and Mohr
1984; Nesbitt et al. 1997; Singh 2009). Several indices of
weathering have been proposed based on the abundances of
mobile and immobile oxides, including Na,O, CaO, K,0, and
Al,O3. The chemical index of alteration (CIA; Nesbitt and
Young 1982), plagioclase index of alteration (PIA; Fedo
et al. 1995), and chemical index of weathering (Harnois
1988) are the most well-established methods for quantifying
the degree of source weathering. The indices are defined as
follows:

ALO
CIA = 2 x 100 (1)
ALO; + Ca0” + NayO + K,0
ALO3;-K,0
PIA = 20 2 x 100 (2)
A1203 + CaO + NaZO + KzO
AL0;-K,0
CIW = 20 2 x 100 (3)

AlLO; + CaO™ 4+ Na,O
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Fig. 6 Chondrite-normalized (Haskin et al. 1966) and upper continental
crust (Taylor and McLennan 1985) normalized REE patterns of the
Weihe River sediments from different depositional environments. Rare

earth elements in inter-fluve sediments are most similar to UCC and show
weak enrichments compared to UCC

where CaO* is the silicate-bearing minerals only.
There is no direct method for quantifying CaO*; however,
McLennan et al. (1993) have proposed an indirect method for

quantifying the CaO* fraction. The procedure for its quantifi-
cation involves subtracting the molar abundance of P,Os from
the molar concentration of total CaO; if the remainder is

@ Springer
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Fig. 7 a Provenance discrimination diagram for sediments of Weihe
River sediments after Roser and Korsch (1988). Discriminant functionl
= (1773 % Ti0,%) + (0.607 x Al,03%) + (0.76 x Fe;03 %) + (-1.5 x
MgO%) + (0.616 x CaO%) + (0.509 x Na,O%) + (—1.22 x K,0%) +
(—9.09). Discriminant function 2 = (0.445 x TiO,%) + (0.07 x Al,O3%) +
(—0.25 x Fe,03"%) + (—1.142 x MgO%) + (0.432 x Na,O%) + (1.426 x

greater than the molar concentration of Na,O, then Na,O is
taken as the CaO* of silicate. If the remaining amount is less
than the molar concentration of Na,O, then CaO is considered
to be representative of the silicate fraction (McLennan 1993;
Moosavirad et al. 2011).

Following this procedure, the CIA, PIA, and CIW values
for the Weihe River sediments have been determined, and the
results are provided in Table 3. The CIA values vary from
47.28 to 55.27 (average = 50.14, n = 14). The CIA values of
sandy sediments range from 47.28 to 50.07, whereas those in
silty sediments range from 50.13 to 55.27. This indicates in-
creasing weathering intensity from upstream to downstream,
as would be expected. The low CIA values for the Weihe
River sediments, ~ 50, indicate a relatively low degree of
chemical weathering (Fedo et al. 1995). The mean CIA value
for the Weihe River sediments is similar to that of UCC (CIA
= 50.8; Sharma et al. 2013) and the Ganges River sediments
(48-55) in the southwestern Himalayas (Singh 2010), sug-
gesting a broadly analogous weathering regime.

The PIA and CIW range from 45.81 to 50.01 and 36.06 to
41.21, respectively (Table 3). Similar to the inference drawn
from the CIA values, the PIA and CIW data for the Weihe
River sediments also support a low degree of chemical
weathering (Fedo et al. 1995). Residence time on flood plains
has a strong influence on sediment composition, with longer
residence times allowing for a greater intensity of chemical
weathering (Johnsson 1993). Accordingly, the low values for
the chemical weathering indices in the sandy sediments sug-
gest less intense weathering, whereas low to moderate values

@ Springer
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K,0%) + (—6.861). b Discrimination plot of La/Th ratio and Hf abun-
dance after Floyd and Leveridge (1987). Silt samples include WXM4-2,
WXM4-3, WXM4-5, WXN7-3, WXN7-4, and WXN7-6, and sand sam-
ples include WXM-1, WXM-2, WXS3, WXM4-1, WXM4-4, WXMS,
WXN7-2, and WXN7-5

in the silty sediments imply longer particle residence times
and therefore a more intense, yet still relatively mild chemical
weathering effect.

The low CIA, PIA, and CIW values in our samples may be
attributed to the influx of minimally weathered detritus over
short transport distances in a semi-arid environment. The short
transport distance and semi-arid climate would have inhibited
chemical weathering processes in the catchment. Silty sedi-
ments with a slightly higher, but still low CIA (50.13 to 55.27)
from the Loess Plateau to the north may have allowed for
water during flash flooding to percolate through source rocks,
minimizing exposure to aqueous fluids, and thereby limiting
the extent of chemical weathering.

Conclusion

Grain-size and outcrop analyses indicate that sediments from
the Weihe River are predominantly silt (< 62 um) and sand
(62 um to 2000 pum). Silty sediments are interpreted as an
interchannel facies, while sandy sediments are interpreted as
a channel-fill facies.

The Weihe River sediments are composed of silty and
sandy sediments sourced from two distinct source regions
adjacent to the Weihe River. Silty sediments are characterized
by strong LREE enrichment relative to UCC, while sandy
sediments are depleted relative to UCC. UCC-normalized
REE distribution fingerprints, along with outcrop observa-
tions, discrimination functions and La/Th ratio and Hf
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abundance discrimination diagram indicate that silty sedi-
ments of Weihe River are mainly derived from the Loess
Plateau to the north, while sandy sediments are mainly derived
from Qinling Mountains to the south.

The low CIA, PIA, and CIW values for fluvial sediments
indicate the dominant source regions experienced relatively
low degrees of chemical weathering. This work sheds impor-
tant light on the geochemical composition, provenance, and
chemical weathering of sediments that have contributed to the
Weihe River catchment and established a baseline for future
studies on the evolution of the Weihe River and for gauging
the influence of anthropogenic activities, such as agriculture
or other industrial activities, on the river system.
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