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Abstract In order to probe the geochemical relationship

between the quality of economic crops and ecological

geochemistry, this project studies the chestnut production

area of Chengde City, Hebei Province, China. The chem-

ical weathering index, chemical depletion fraction CDF,

mass transfer coefficient, and bioconcentration coefficient

were used to quantify the characteristics of element

migration and accumulation in the BRSPC (Bedrock–

Regolith–Soil–Plant Continuum system) system of gneiss

formation area and dolomite formation area. The results

show that the soil CaO, SiO2, Al2O3, and Na2O elements in

the gneiss construction area are abundant, and the B, Ge, S,

and Mo elements are relatively lacking; the soil B, Mo and

Ge elements in the dolomite construction area are abun-

dant, and the SiO2, Al2O3, and Na2O elements are slightly

lower; The weathering intensity of gneiss is low-medium,

with the relatively high mobility and apparent transfor-

mation of Se, B, V, S, Mn, and Mo. The weathering

intensity of dolostone is low, with the relatively high

mobility and apparent transformation of Na2O, P, and Ni.

Chestnut is rich in Cu, Ni, Se, and Ge, walnut has a high

content of Mo, and hawthorn is rich in Se and B. The

contents of Mn in chestnut are 1–2 times higher in walnut

and hawthorn. It lays the theoretical foundation for the

industry optimization of special industrial crop planting in

Chengde according to our research.

Keywords Critical zone · Eco-geochemistry · Element

migration · Chestnut · Chengde

1 Introduction

The scientific theory of the Earth system has become the

main way to solve the problems of the complex ecological

environment. The concept of Earth’s Critical Zone has also

laid a new system framework for the study of the ecolog-

ical geological environment in the Earth’s multi-layer

interaction zone (Banwart et al.2012; Shi et al.2019). Eco-

geochemistry, based on the principle of element geo-

chemical cycle, takes the soil circle as the center to

evaluate the Earth system, runs through the biosphere, soil,

and lithosphere, and studies the sources, quantities,

migration, and transformation laws of various chemical

substances, which is one of the important contents of the

research on the Earth’s critical zone (Yang et al. 2005;

Zhang et al. 2013). As the core element of the Earth’s

critical zone, the soil layer plays an important role in the

biogeochemical process of the Earth’s surface layer and is

an important node to control the flow and transformation of

materials, energy, and information in the Earth’s critical

zone. The bedrock layer, regolith (parent material), soil

layer, and plant in the mountain supergene zone are closely

related. The interaction of ecological geochemistry
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processes is active, and the flow of material energy presents

a law of vertical Migration inheritance (Li 1996). The soil

on the mountain supergene zone is the product of bedrock

weathering-soil formation, and it is a critical link the

material migration and circulation in the Earth’s critical

zone (Cheng et al. 2019). Mountain soil is mostly weath-

ered by the bedrock nearby, with the characteristics of

fixed parent material, the strong affinity of geochemical

elements, and bedrock formation affecting the original

background of soil nutrient elements (Brantley et al. 2007;

Hewawasam et al. 2013). Rocks release many nutrients

required by plants through weathering. The mineral com-

position, structural construction, and weathering degree of

the bedrock determine the geochemical characteristics of

the soil layer. The abundance of soil nutrients restricts the

growth of plants and the quality of ecological products

(Zhu et al. 2015; Reimann et al. 2015). In the study of the

influence of geological and geochemical characteristics on

characteristic economic crops, it is very necessary to take

bedrock, regolith, soil, and plant as a continuous system in

the Earth’s critical zone (Lee et al. 1998). Therefore, the

concept of BRSPC (Bedrock–Regolith–Soil–Plant Contin-

uum) continuum (Fig. 1) is introduced to study the law of

migration, dispersion, and enrichment of elements in rock-

soil–plant.

Located in the mountainous area of northern Hebei

Province, Chengde is a green barrier and ecological buffer

zone for ecological security in Beijing-Tianjin. It is an

important agricultural, vegetable, and fruit base. Ecological

agriculture has become an important industry for regional

economic development and poverty alleviation (Sun et al.

2019). The Kuancheng-Xinglong area in the south of

Chengde is adjacent to Qianxi and Zunhua County of

Tangshan city. The specialty of this area is chestnut, a

famous and special agricultural product of Hebei Province,

which is known as “China’s chestnut town” and “National

chestnut park”, and are important export bases for chestnut.

At the same time, the region is also the main production

base of fruits such as Crataegus pinnatifid and Juglans

regia. In this study, the Kuancheng-Xinglong area of

Chengde City in the eastern part of the Yanshan Mountains

was selected as the study area. The rock geochemical

characteristics of different bedrock formations were dis-

cussed, and the elements’ differentiation characteristics and

migration-aggregation rules in weathering process in

BRSPC continuum were revealed. Land quality geochem-

ical grade of chestnut, hawthorn, walnut, and other

characteristic agricultural products growing areas were

evaluated. The overall dynamic and ecological geochemi-

cal behavior of characteristic elements in the process of

rock-weathering-soil formation and plant absorption in the

critical zone were mastered, which provided the scientific

basis for agricultural planting planning and supported the

optimal layout of land space utilization.

2 Materials and methods

2.1 Geological setting of the field

The study area is located between Kuancheng County and

Xinglong County in the south of Chengde City. It belongs

to the Yanshan subsidence belt and the plateau back anti-

cline transition zone in the eastern section of Yanshan in

the north of Hebei Province. the terrain is high in the north

and low in the south. The landform type is dominated by

medium-cut erosion-denudation mid-low mountain hills.

The area belongs to the warm temperate zone and mid-

temperate zone semi-humid continental monsoon climate,

with an annual average temperature of 8.6 °C and average

precipitation of about 700 mm. The exposed strata are

mainly gneiss formation of the ancient Archaic Zunhua

Group (Ar3Z) and carbonate formation of the Mesopro-

terozoic Great Wall Group and Jixian Group. Gneiss

formation mainly includes the Xiaoguanzhuang Formation

(Ar3Xgn) and Qiuhuayu Formation (Ar3Q) biotite plagio-

clase granulite, biotite plagioclase gneiss, plagioclase

amphibolite, hornblende plagioclase gneiss and magnetite

quartzite (Fig. 2a). It is mainly felsic rock, mafic rock, and

magnetite quartz, of which felsic rock is the main type,

including granulite and leuco leptite, and mafic rock

includes plagioclase amphibolite and plagioclase pyrox-

enite. The metamorphic preexisting rock is a set of granite

series with sodium-rich and potassium-poor, and the

metamorphic degree is amphibolite facies. The main min-

erals of rock are plagioclase, potash feldspar, quartz,

biotite, hornblende, garnet, diopside, etc., and accessory

minerals are magnetite, ilmenite, apatite, etc. Chlorite (5–

15%), montmorillonite (5–15%) and kaolinite (5–10%)

appeared in the weathered soil layer. Magnesium alu-

minum-magnesium iron mineral content is higher.
Fig. 1 Bedrock–Regolith–Soil–Plant Continuum of Earth’s Critical

Zone (revised according to Lee et al. 1998)
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Carbonate rock formation mainly includes the Changz-

hougou Formation (Chch), Chuanlinggou Formation

(Chchl), Dahongyu Formation (Chd), and Gaozhuang

Formation (Chg) Dolomites, Dolomite Limestone, and Fe–

Mn Dolomites, with local inclusions Mudstone and black

silty shale. The Wumishan Formation (Jxw) includes

siliceous dolomite, micrite dolomite, and stromatolite

dolomite (Fig. 2a). The main minerals of the rock are

dolomite and quartz. Powdered dolomite is 20–25 %,

micrite dolomite is 70–75 %, and the accessory minerals

are magnetite and apatite. The soil type belongs to warm-

temperature deciduous broad-leaved forest, shrub brown

soil, brown soil, and coarse-bone soil zone. Chestnut is a

deciduous arbor in the beech family and is rich in calcium,

potassium, zinc, iron, and other elements. Hawthorn is a

plant of the crataegus of the Rosaceae family, and Walnuts

belong to the Juglandaceae plant, both are rich in calcium,

phosphorus, iron, and other trace elements and minerals

(Gonzalez et al. 1985).

2.2 Sample collection and Laboratory analysis

A total of 67 groups of vertical samples of crops, root-soil,

weathered layer, and fresh bedrock were collected in this

study, including 33 groups in the gneiss formation area, 28

groups in the dolomite formation area, and 6 groups in

sandy shale area. In addition, 13 groups of samples in the

gneiss formation area and 6 groups of samples in the

dolomite formation area were collected from the soil-re-

golith-bedrock vertical section. The specific profile

position is shown in Fig. 2b. In this study, a total of 166

samples of rock profiles (soil) were collected in gneiss

formation areas, 106 samples in dolomite formation areas,

and 18 samples in sandy shale areas. Moreover, 36 chestnut

samples were collected, including 25 in the gneiss area, 5

in the sand shale area, and 6 in the dolomite area. In

addition, 9 walnut samples were collected, including 8 in

the dolomite area and 1 in the Gneiss area. 10 samples of

hawthorn were collected too, including 8 in the dolomite

Fig. 2 Geological map a and planting distribution map of economic Crops b (Revised according to Wei et al. 2020a, b) 1. Holocene epoch; 2.

Cretaceous Dabeigou Formation; 3. Jurassic Houcheng Formation; 4. Jurassic Tijishan Formation; 5. Jurassic Jiulongshan Formation; 6.

Ordovician Majiagou Formation; 7.Cambrian Mantou Formation; 8. Neoproterozoic Qingbaikou Group; 9. Mesoproterozoic Jixian Group

Tigerding Formation; 10. Mesoproterozoic Jixian Group wumishan Formation; 11. Mesoproterozoic Jixian Group Yangzhuang Formation; 12.

Mesoproterozoic Great Wall Group Gaozhuang Formation; 13. Mesoproterozoic Great Wall Group Dahongyu Formation; 14. Mesoproterozoic

Great Wall Group Shanzi Formation; 15. Mesoproterozoic Great Wall Group Chuanlinggou Formation; 16. Mesoproterozoic Great Wall Group

Changzhougou Formation; 17. Neo-archean Zunhua Group; 18. Neo-archean Zunhua Group Xiaoguanzhuang Gneiss 19. Neo-archean Zunhua

Group Qiuhuayu gneiss; 20. Jurassic Wulingshan quartz monzonite; 21. Jurassic huangliang porphyritic quartz syenite; 22. Jurassic Lishuyu

Medium and fine-grained monzonitic granite; 23. Hawthorn planting area; 24. Apple planting area; 25. Chestnut planting area; 26. Seasonal fruit

planting area; 27. Sampling location
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area and 2 in the Gneiss area. The soil (root-soil) samples

are collected from 0–20 cm soil layer by “S” or “X” shape

collection, and 3 to 5 sub-sampling points are mixed to one

sample.

In the middle position of the weathering crust 5–10 m,

3–5 weathering samples are taken to form a rock regolith

sample, and the whole particle size is mixed. The collected

rock samples are from the exposed bedrock, knocking out

the fresh bedrock surface, and collecting 3–5 rock samples

in the same lithologic unit within 5–10 m as a sample. A

single sample weight is 500–1000 g. Then the samples are

packed in clean cotton bags and sent to the laboratory after

marking the sample number. All samples are ground and

sieved to 200 meshes for testing.

The sampling unit is 0.1–0.2 km2, and 5–10 fruit trees

are selected in the sampling unit. Each fruit tree is longi-

tudinally divided into four parts. The upper, middle, lower,

inner, and outer sides of one part are evenly picked and

mixed into polyethylene self-sealing bags. The fresh

weight of the sample is 1000–2000 g. After washing the

samples quickly with tap water 3 times, rinse them with

deionized water 2 times, and drain the water for laboratory

analysis and test. The test indexes of surface soil samples,

regolith, and bedrock samples are N, P, K2O, CaO, MgO,

S, Fe2O3, B, Mn, Cu, Zn, Mo, SiO2, Na2O, Ni, Se, Ge,

Al2O3, Ti and Zr. In addition to these indexes, soil pH and

organic carbon (Corg) need to be measured in soil samples

and regolith samples; in addition, 65 rock, weathering

materials, and soil samples were selected to measure rare

Earth elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb, Lu and Y. Plant samples were tested for B, Ni, Cu,

Zn, Mo, Se, Ge, Fe, Mn, and rare Earth elements. The

content of Se in geotechnical samples was determined by

hydride generation atomic fluorescence spectrometry.

SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, Mn, Ti, P,

and S were measured by wavelength dispersion X fluo-

rescence spectrometer (ARL Advant XP+/2413), the

content of other elements is determined by ICP-OES (PE,

USA). High-resolution plasma mass spectrometer (X series

2/SN01831C) is used to test B, Ni, Cu, Zn, Mo, Se, Ge, and

rare Earth elements in crop samples. Sample analysis and

testing are controlled by adding 10 % blank and parallel

samples according to the specification. The accuracy and

precision of this analytical method are controlled by

national primary standard materials (GBW series). The

accuracy of the method is between 0.001 and 0.032, and

the precision is between 0.056 and 7.80 %. (X-ray fluo-

rescence method is not applicable) were 95.7 to 104.1 %,

and the relative standard deviations were 0.12 to 3.44 %,

respectively.

2.3 Data analysis

On the basis of sample analysis and test, SPSS is used for

descriptive statistics of test indexes. According to the

geochemical evaluation specification of land quality (DZ/T

0295–2016), the geochemical rank of surface soil elements

is defined, and the distribution characteristics of elements

in bedrock, regolith, soil layer, and crops of BRSPC system

are compared. The effects of weathering degree on element

release, migration, and accumulation during rock weath-

ering and soil formation is evaluated by Si Al rate (Sa), Si

Fe Al rate (Saf), weathering leaching coefficient (BA),

weathering alteration index CIA (Chemical index of

alteration), Index of lateritisation IOL (Index of lateritisa-

tion), mineralogical index of alteration (MIA), plagioclase

index of alteration (PIA), and Chemical index of weath-

ering excluded CaO (CIX). The mass transfer coefficient τ
is calculated by using the chemical loss fraction CDF and

Ti as the reference element to quantitatively evaluate the

release, migration, and accumulation of elements in the

rock-soil process. Bioconcentration factor (BCF) is used to

evaluate the element migration characteristics of soil-crop,

and then to compare the differences in element enrichment

characteristics of chestnut, walnut, and hawthorn crop

samples in gneiss and dolomite areas.

3 Results and discussion

3.1 Characteristics of soil semi-weathered layer
and rock, element content

3.1.1 Geochemical characteristics of soil elements.

Trace elements play an important role in the growth of

crops. The lack of trace elements in the soil may hinder the

normal growth of crops (Sibel et al. 2009; Alaimo et al.

2018). Ge, Se, and Rare Earth elements can change the

content of nutrients and chemicals in plants, have phar-

macological functions, and improve and enhance plant

quality (Yu et al. 2005; Ma et al. 2011; Fu et al. 2019).

According to the characteristics of the geological back-

ground, the economic forest planting in the study area is

mainly distributed in the middle and upper part of the hills

in the middle and low mountains. The exposure strata are

gneiss and dolomite, which are divided into the gneiss

formation area and dolomite formation area. The results are

shown in Table 1. The geochemical grade of elements in

the surface soil is defined according to the Code for Geo-

chemical Evaluation of Land Quality (DZ/T 0295–2016).

Especially the grade standard of Se: excess ([3.0 mg/kg),

high ([0.4–3.0 mg/kg), moderate (0.175–0.40 mg/kg),

marginal ([0.125–0.175 mg/kg) and insufficient (≤
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Table 1 Statistics of geochemical element content of bedrock–regolith–soil samples

Layered Soil Weathered layer

Gneiss Min Max Mean Cv Min Max Mean Cv

pH 5.090 8.300 6.310 0.130 5.040 8.690 6.830 0.136

TN (mg/kg) 169.000 2503.000 968.523 0.490 59.000 1645.000 407.350 1.021

TP (mg/kg) 252.600 4234.000 1258.917 0.860 135.300 2324.500 778.740 0.664

S (mg/kg) 67.300 505.600 183.368 0.412 46.500 385.200 120.547 0.675

B (mg/kg) 6.849 80.980 23.734 0.573 2.339 76.430 22.253 0.871

Cu (mg/kg) 15.300 77.800 46.058 0.341 7.048 121.000 40.901 0.699

Zn (mg/kg) 36.810 118.900 88.624 0.230 12.660 125.300 66.908 0.433

Mo (mg/kg) 0.202 1.365 0.530 0.399 0.138 2.597 0.512 1.049

Se (mg/kg) 0.093 0.453 0.264 0.353 0.076 0.308 0.133 0.432

Ge (mg/kg) 0.881 3.951 1.434 0.434 0.723 2.935 1.388 0.409

Mn (mg/kg) 251.400 1476.000 778.117 0.345 101.300 999.500 583.420 0.479

V (mg/kg) 35.440 543.600 148.826 0.660 16.390 159.000 93.915 0.485

Ti (mg/kg) 2284.200 7101.800 4314.492 0.247 1201.300 6307.400 3453.040 0.394

Zr (mg/kg) 98.740 427.400 221.853 0.384 53.780 366.300 203.238 0.438

Corg (%) 0.221 5.365 1.358 0.909 0.124 7.087 1.473 1.598

SiO2 (%) 54.850 78.40 67.092 0.231 38.870 80.870 58.340 0.168

Al2O3 (%) 6.151 17.210 13.262 0.254 3.348 17.738 13.163 0.353

K2O(%) 0.910 3.669 2.066 0.247 0.487 3.808 2.107 0.448

Na2O(%) 0.371 3.427 1.765 0.559 0.050 3.891 1.997 0.628

CaO (%) 0.424 8.767 2.537 0.775 0.318 16.130 3.976 1.264

MgO (%) 0.994 4.584 2.594 0.387 0.691 4.936 2.483 0.493

Fe2O3 (%) 2.374 17.410 7.909 0.356 1.309 9.663 6.162 0.455

LRE (μg/kg) 119.834 240.037 172.930 0.218 31.144 266.276 121.396 0.661

HRE (μg/kg) 28.466 63.175 41.934 0.279 2.973 57.713 30.833 0.598

REE (μg/kg) 155.802 303.212 214.864 0.224 34.117 323.989 152.229 0.624

L/HRE 3.332 5.086 4.214 0.159 1.404 10.476 5.049 0.576

Dolomite Min Max Mean Cv Min Max Mean Cv

pH 5.470 8.390 7.454 0.079 6.850 8.960 8.140 0.139

TN (mg/kg) 83.000 4243.000 1243.661 0.720 101.000 646.000 260.125 0.704

TP (mg/kg) 123.400 2808.000 825.856 0.724 176.800 1183.000 568.194 0.594

S (mg/kg) 109.700 615.300 242.125 0.448 50.700 323.800 191.700 0.713

B (mg/kg) 27.120 163.000 80.643 0.484 6.268 312.400 150.996 0.712

Cu (mg/kg) 14.810 152.100 29.417 0.718 2.661 100.300 31.512 0.959

Zn (mg/kg) 53.220 251.900 82.558 0.384 8.432 276.000 77.808 1.042

Mo (mg/kg) 0.432 3.270 0.910 0.555 0.234 14.960 2.079 2.195

Se (mg/kg) 0.005 0.489 0.213 0.405 0.005 0.304 0.094 1.021

Ge (mg/kg) 0.534 2.006 1.301 0.287 0.113 3.356 1.362 0.759

Mn (mg/kg) 435.766 5370.000 1190.983 1.038 107.500 7322.000 1216.860 1.813

V (mg/kg) 9.533 204.200 85.908 0.304 11.520 129.900 50.680 0.779

Ti (mg/kg) 320.500 6685.000 4128.965 0.248 808.100 4314.000 2684.488 0.442

Zr (mg/kg) 190.500 353.700 253.159 0.151 66.170 793.500 375.190 1.002

Corg (%) 1.386 7.002 3.205 0.489 0.095 0.213 0.142 0.441

SiO2 (%) 45.469 72.159 63.598 0.102 2.988 85.380 45.197 0.857

Al2O3 (%) 8.980 12.764 11.029 0.103 0.001 15.520 5.904 1.195

K2O (%) 0.483 4.231 2.822 0.272 0.001 7.995 3.616 0.820

Na2O(%) 0.901 2.652 1.330 0.297 0.032 2.419 0.561 1.855

CaO (%) 0.806 23.350 3.009 1.223 0.404 25.947 10.020 1.075

Acta Geochim (2022) 41(5):839–860 843

123



Table 1 continued

Layered Soil Weathered layer

Gneiss Min Max Mean Cv Min Max Mean Cv

MgO (%) 1.353 7.125 2.438 0.545 0.636 25.882 12.179 1.022

Fe2O3 (%) 3.236 23.350 5.325 0.584 0.636 7.136 3.150 0.796

LRE (μg/kg) 114.595 253.220 154.172 0.226 4.551 10.400 7.476 0.553

HRE (μg/kg) 33.437 56.580 42.084 0.129 1.914 2.570 2.242 0.207

REE (μg/kg) 150.589 309.800 196.256 0.203 6.465 12.970 9.718 0.473

L/HRE 3.184 4.475 3.636 0.112 2.378 4.046 3.212 0.367

Layered Bedrock National shallow

Gneiss Min Max Mean Cv soil background

pH 6.400 9.420 7.976 0.119 8.000

TN (mg/kg) 56.000 199.000 109.793 0.344 707.000

TP (mg/kg) 115.100 2067.000 686.666 0.730 570.000

S (mg/kg) 36.240 963.700 179.393 1.197 245.000

B (mg/kg) 1.501 119.700 18.614 1.333 43.000

Cu (mg/kg) 8.547 165.700 38.813 0.819 20.000

Zn (mg/kg) 29.320 140.800 70.797 0.465 66.000

Mo (mg/kg) 0.065 1.253 0.283 0.873 0.700

Se (mg/kg) 0.032 0.223 0.084 0.535 0.170

Ge (mg/kg) 0.565 2.525 1.134 0.445 1.300

Mn (mg/kg) 96.060 1727.000 488.219 0.830 569.000

V (mg/kg) 11.440 377.500 84.703 0.934 70.000

Ti (mg/kg) 469.400 10,077.900 2716.475 0.795 3498.000

Zr (mg/kg) 51.480 359.400 152.261 0.461 230.000

Corg (%) 0.073 7.237 1.127 2.099 0.600

SiO2 (%) 37.900 88.270 64.072 0.227 66.700

Al2O3 (%) 3.100 18.850 11.943 0.387 11.900

K2O(%) 1.008 5.652 2.466 0.443 2.360

Na2O(%) 0.091 4.023 2.207 0.658 1.750

CaO (%) 0.259 16.280 3.483 1.306 2.740

MgO (%) 0.293 4.886 2.258 0.656 1.430

Fe2O3 (%) 1.099 14.944 5.124 0.700 2.800

LRE (μg/kg) 55.421 304.824 161.255 0.524 139.200

HRE (μg/kg) 7.390 77.546 35.046 0.735 40.700

REE (μg/kg) 62.811 321.032 196.301 0.466 3.420

L/HRE 0.951 18.807 7.208 0.784 179.900

Dolomite Min Max Mean Cv 华北平原

pH 6.950 9.280 8.551 0.090 8.610

TN (mg/kg) 84.000 291.000 136.611 0.343 381.000

TP (mg/kg) 13.230 587.100 137.384 1.158 517.000

S (mg/kg) 0.138 2646.000 245.562 2.536 142.000

B (mg/kg) 4.586 179.300 27.303 1.477 52.000

Cu (mg/kg) 13.300 198.200 62.163 0.790 23.000

Zn (mg/kg) 15.340 162.500 64.209 0.664 62.000

Mo (mg/kg) 0.177 3.799 0.824 1.224 0.520

Se (mg/kg) 0.057 0.893 0.238 0.860 0.072

Ge (mg/kg) 0.088 10.970 2.322 1.339 1.400

Mn (mg/kg) 41.800 1656.000 253.572 1.517 705.000
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0.125 mg/kg). The proportion of element geochemical

classification is shown in Fig. 3. It can be seen from the

statistical data that the soil in gneiss area is mainly acidic,

with a pH range of 5.09 to 8.3 and an average value of 6.31,

52.73% of the soil samples are acidic and 30.91% of the

soil samples are neutral. The soil pH in the Dolomite area

is higher than the gneiss area, mainly neutral-alkaline, the

pH value range is 5.47 to 8.39, and the average value is

7.45, 60.00% of the soil samples are alkaline and 36.00%

of the soil samples are neutral. The average content of total

nitrogen (TN) in the gneiss formation area is 968.52 mg/kg,

The average content of soil TN in the Dolomite formation

area is 1243.66 mg/kg, which is higher than that in the

gneiss area, but it is still mainly less-insufficient to

insufficient. The soil TN samples belonging to the level of

less-insufficient to insufficient account for 48.78%. The

total phosphorus (TP) in the gneiss formation area and the

dolomite formation area is relatively abundant, with aver-

age contents of 1258.92 and 825.86 mg/kg, respectively,

but the contents are relatively unstable, and the coefficient

of variation (Cv) reaches 0.86 and 0.72, respectively. The

total potassium (TK, K2O) content of the gneiss soil is

0.91–3.67%, with an average of 2.07%. The land quality

geochemical grade is mainly moderate, accounting for

65.45% of the total sample. The soil TK content in the

dolomite area is more abundant than in the gneiss area,

with an average content of 2.82%. The proportion of

samples with soil TK content above the moderate level is

Table 1 continued

Layered Bedrock National shallow

Gneiss Min Max Mean Cv soil background

V (mg/kg) 8.028 55.450 21.238 0.796 82.000

Ti (mg/kg) 73.690 4896.000 1010.688 1.298 3844.000

Zr (mg/kg) 34.710 1063.900 213.378 1.640 230.000

Corg (%) 0.049 0.369 0.165 0.672 0.260

SiO2 (%) 23.340 99.980 55.644 0.431 64.870

Al2O3 (%) 1.508 13.733 6.174 0.806 12.840

K2O (%) 0.052 7.396 1.327 1.550 2.340

Na2O(%) 0.034 1.253 0.249 1.646 1.700

CaO (%) 0.240 42.460 17.141 0.626 4.100

MgO (%) 0.554 19.030 6.027 0.680 1.880

Fe2O3 (%) 0.474 4.600 1.536 0.893 3.710

LRE (μg/kg) 1.925 440.418 115.281 1.881 128.720

HRE (μg/kg) 0.967 89.684 24.373 1.787 41.000

REE (μg/kg) 2.892 530.102 139.654 1.864 3.140

L/HRE 1.991 4.911 3.100 0.406 169.720

Note Min: minimum value; Max: maximum value; Mean: mean value; Cv: coefficient of variation; pH and L/HRE: dimensionless.

Fig. 3 Soil element

geochemistry land quality

grades
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97.56%. The average value of total sulfur TS in the gneiss

area and dolomite area is 193.37 and 242.13 mg/kg

respectively, which is less insufficient. The content of soil

organic carbon (Corg) in the gneiss region is less-insuffi-

cient, ranging from 0.22 to 5.36%, and the land quality

geochemical grade of the sample is less-insufficient to

insufficient accounting for 67.27%. The average soil Corg

content in the dolomite area is 3.21%, which is slightly

higher than that in the gneiss area. The distribution of

chemical grades in the land quality area shows relatively

balanced characteristics, with samples reaching the rich

level accounting for 20.00%, richer levels accounting for

22.50%, and moderate levels accounting for 25.00%.

The content of Se in the gneiss area ranges from 0.093 to

0.453 mg/kg, with an average value of 0.264 mg/kg; the

land quality and geochemical grading of Se is mainly

moderate, accounting for 70.91% of the total sample. The

Se content of the soil in the dolomite area averages

0.213 mg/kg, which is slightly higher than that in the gneiss

area. and the samples at the moderate level account for

68.42% The B element in the schist area is relatively

insufficient, with an average content of 23.73 mg/kg, which

is 76.36% of the samples are in the insufficient level. The

content of soil B in the dolomite area ranges from 27.12 to

163.00 mg/kg, with an average of 80.64 mg/kg, much

higher than that in the gneiss area. The land quality and

geochemical grade are mainly less-abundant to abundant,

and a total of 63.41% of the samples reached less-abundant

levels. The soils in gneiss and dolomite are rich in Mn, Zn

and Cu. The average contents of Mn, Zn and Cu in gneiss

are 778.12, 88.62 and 46.06 mg/kg. The proportions of

samples with Mn, Zn and Cu reaching abundance level

were 72.73, 83.64 and 81.82%, respectively. The average

content of Mn, Zn and Cu in the soil in the dolomite area is

1190.98, 82.56 and 29.42 mg/kg. The average Ge content

of the soil in the dolomites is 1.30 mg/kg, and the distri-

bution is quite different. The samples that reached the

abundant level accounted for 36.59%, those that reached

the less-abundant level accounted for 12.20%, and those

that the insufficient level accounted for 36.59%. The con-

tents of CaO, MgO and Fe2O3 in the gneiss area and the

dolomite area are relatively rich, and the content of CaO is

slightly higher than in the gneiss area, MgO and Fe2O3

content is lower than gneiss area.

Overall, the contents of TP, V, Ti, Ni, Mn, Zn, Cu, Corg,

MgO, and Fe2O3 in the surface soil of the study area are

relatively rich. The Se element in the soil is at a moderate

level, and the content of TK is mainly moderate, but all are

higher than that in Standard values of Soil eco-geochem-

istry in North China Plain (Zhu et al. 2006) and the

baseline value of the national shallow soil geochemistry

(Wang et al. 2016). The TN and Ge elements of the soil are

relatively insufficient, but they are still higher than the

baseline value of soil ecological geochemistry in the North

China Plain and the baseline value of the national shallow

soil geochemistry. The soil in the gneiss area is rich in CaO

but lower than the benchmark values of the North China

Plain and the national shallow soil. The B, S, and Mo

elements of the soil are relatively insufficient and lower

than the benchmark values of the North China Plain and the

national shallow soil. Dolomite is rich in CaO, B and Mo

elements, which is higher than the reference value of

shallow soil in North China Plain and the whole country.

The contents of SiO2, Al2O3 and Na2O in gneiss soil range

from 54.85 to 78.40%, 6.15 to 17.21% and 0.37 to 3.43%,

respectively. The content of Al2O3 is higher than the ref-

erence value of shallow soil in North China Plain and the

whole country. The content of SiO2 and Na2O is basically

consistent with the baseline value of shallow soil in North

China Plain and the whole country. The content of SiO2,

Al2O3 and Na2O in the Dolomite area ranges from 45.47 to

72.16%, 9.98 to 12.76% and 0.90 to 2.65%, which are

slightly lower than the benchmark values of the shallow

soil in the North China Plain and the whole country. The

rare Earth content in the whole area of the study area is

generally higher than the baseline value of the North China

Plain and the national shallow soil. The REE and LRE

show that the soil in the gneiss area is higher than the

dolomite area, and the HRE content is slightly higher than

in the gneiss area, and the L/HREE in the gneiss area is

stronger than in the dolomite area. (Fig. 4) The content of

V, Cu, TP, Fe2O3, Na2O, Se, Al2O3 and Ge in the gneiss

area is higher than that in the dolomite area, and the ele-

ment content of B, Mo, Mn, TK, S, TN and CaO is lower

than that in the dolomite area (relative Deviation≥15%),

the Ti and SiO2 are relatively similar.

3.1.2 Element geochemical characteristics of weathered
layer-the bedrock

The soil in mountainous areas has the characteristics of

fixed parent material These changes in the main elements

from the bedrock layer-weathering layer-soil layer, reflect

the conductivity and inheritance of the original rock

composition (Table 1). According to the data statistical box

line diagrams of the gneiss construction area and the

dolomite construction area (Figs. 4 and 5), it can be seen

that the TN, TP, Zn, Fe2O3, V, Ti, and Zr contents of the

gneiss and dolomite areas appear as soil Stratum[weath-

ered layer[bedrock, except that TN is the growth of plant

root nitrogen fixation and other biological actions, the

element geochemical behavior in the process of bedrock

weathering is relatively enriched. The content of SiO2 and

Al2O3 in rock (soil) samples is shown as soil layer[bed-

rock[weathered layer. The content fluctuation range in the

weathered layer is relatively large, but the overall
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performance is relative enrichment during the weathering

process, but the enrichment intensity is small. The rela-

tionship of B, Mn, Mo and K2O content in the gneiss area

is weathered layer[soil layer[bedrock, which shows rel-

ative enrichment. The element behavior during weathering

process may be relative leaching loss due to hydraulic drive

after enrichment. The relationship between the content of

Se, B, Mn, Mo, Cu and Ge in the dolomite is soil layer[
weathered layer[bedrock, which shows strong enrichment;

the K2O content in the dolomite is bedrock[weathered

layer[soil layer. The content of Se in gneiss is bedrock[
soil layer[weathered layer, which is relatively dilution,

but the degree of leaching is relatively small. In the gneiss

area, the Na2O content is soil layer[weathered layer[
bedrock, which shows strong enrichment. In the dolomite

area, the content is bedrock[weathered layer[soil layer,

which shows leaching loss. The relationship of MgO con-

tent in the dolomite samples is soil layer[bedrock[
weathered layer, which is relatively enrichment, but the

degree of enrichment is relatively small; CaO content is

weathered layer[bedrock[soil layer, which is shown as

leaching loss. The content of rare Earth elements (LRE,

HRE and REE) is generally relatively enrichment, and the

degree of fractionation of light and heavy rare Earth

increases as the degree of weathering increases. The

coefficient of variation of bedrock elements in the dolomite

area is generally higher than that in the gneiss area, and the

fluctuation of rock chemical composition content is rela-

tively large, which is related to the uneven and large

differences in the chemical composition of the rhythmic

intercalation of the sedimentary rock, and the existence of

muddy strip Belts, flint belts, and sand shale interlayers are

also relevant. The B, S, CaO, REE, LRE, and HRE ele-

ments in the bedrock-weathered layer-soil layer system of

the dolomite, and the S, B, Mn, and K2O content coeffi-

cient of variation (Cv) values of the gneiss area are all

large, and the differentiation characteristics of chemical

composition content areare obvious.

3.2 Influence of weathering process on element
migration and accumulation

3.2.1 Weathering degree of rock

Soil is the product of the weathering of bedrock, while

weathering is the primary source of soil nutrients and

affects the elemental geochemical composition of the soil.

The weathering degree of rock-soil can be characterized by

the chemical weathering index, which is determined by the

ratio of the main oxide components of rock and soil that

can indicate the weathering intensity (Moses et al. 2014; Fu

et al. 2019). According to Fig. 6a, gneiss formation in the

study area is mainly biotite plagioclase leptynite, biotite

plagioclase gneiss, and plagioclase amphibolite, horn-

blende plagioclase gneiss, etc. The preexisting

metamorphic rock is aluminum-rich acid volcanic rock,

Fig. 4 Statistical boxplot of trace elements in Bedrock–Regolith–Soil

samples

Fig. 5 Statistical boxplot of main elements in Bedrock–Regolith–Soil

samples
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medium-alkaline volcanic rock, and basic volcanic rock.

The acidic-neutral-alkaline volcanic rocks are all dis-

tributed, with a relatively significant difference in SiO2

content. The acidic volcanic rocks are rich in aluminum,

and the medium-alkaline volcanic rocks have high mafic

mineral content. The primary rocks of dolomite formation

are mainly calcareous carbonate rocks, calc-silicate rocks

and quartzites, which are consistent with quartz chert belt

dolomites. When selecting weathering index, the release of

alkali metals (Na+K) and alkali Earth metals (Ca+Mg) in

the weathering process of rocks and minerals into clay

minerals should be considered, as well as the influence of

SiO2, Fe2O3 and other elements. In this paper, SA, Saf, Ba,
IOL, CIA, MIA, CIX, and PIA are selected to evaluate the

influence of weathering process on the release, migration

and accumulation of rock elements. The calculation for-

mula of weathering indexs were shown in Table 2.

SA, Saf and IOL
The Sa and the Saf have commonly used indicators of

clay weathering development, which can reflect the

leaching of Si elements and the enrichment of Fe and Al

elements in the rock weathering process, which in turn

indicates the intensity of superficial weathering of the

soil parent material, the smaller its value, the greater the

intensity of weathering (Qiu et al. 2014). In the gneiss

area, the average Sa index of the bedrock–regolith–soil

system followed an order of bedrock[soil[regolith

with the Sa values of 7.82, 6.92, and 6.65, respec-

tively (Table 3). The coefficient of variation (Cv) of

bedrock–regolith–soil content is relatively small, and the

content of SiO2 and Al2O3 remained relatively stable dur-

ing the weathering process. The average Sa values of the
samples in the dolomite area followed an order of

bedrock[soil layer[weathered layer, with average Sa
values, are 26.14, 9.90 and 8.63, respectively; which are

higher than that of the gneiss area, indicating that the

weathering intensity of dolomite was weaker than that of

gneiss which may be related to the relatively large

change in the content of SiO2 and Al2O3 in the gneiss

metamorphic raw rock that rich in aluminum The

average Saf values of gneiss and dolomite samples

followed the order of bedrock[regolith[soil layer, and

the Saf value of each layer in the gneiss section was

relatively smaller than that of the corresponding layer of

dolomite samples. In the process of rock weathering,

iron and aluminum oxides tend to replace the siliceous

minerals in the layered mineral crystals, which is

inversely proportional to the IOL. The process of

rubefication is mainly characterized by the uniform or

incomplete dissolution of amorphous SiO2 and kaolinite,

and the enrichment of iron oxides. In order to further

Fig. 6 Discrimination of protolith and the CIA, IOL and MIA weathering index of bedrock–regolith–soil samples a The original rock type

discrimination chart; b SiO2–Al2O3–Fe2O3 (SAF) laterite index IOL; c Al2O3–CaO+Na2O–K2O (A-CN-K) chemical alteration index CIA
diagram; d A-CNK-FM reduction mafic alteration index MIAR; e. A-L-F oxidation mafic alteration index MIAo; f AF-CNK-M oxidation mafic

alteration index MIAo
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determine the migration and accumulation characteris-

tics of Si, Fe and Al elements during the weathering

process, the IOL of the bedrock–regolith–soil samples

were calculated (Babechuk et al. 2014; Sun et al. 2020a).

From the SAF diagram (Fig. 6b), it can be seen that the

distribution of sample points in the dolomite area is

relatively concentrated, and the IOL value ranges from

3.83 to 20.95. During the rock weathering process, it is

manifested by the leaching loss of Fe2O3 and the relative

enrichment of SiO2 and Al2O3. The samples in the gneiss

area are distributed in two areas, one between 7.97 and

36.97, showing that the weathering process was in the

stage of incongruent dissolution of silicate minerals to

form kaolinite. The other distributed between 60 and 80,

showed congruent or incongruent dissolution of kaolin-

ite, enrichment of iron oxides, and the sample shows

weak rubefication-moderate rubefication. The silicate

minerals such as feldspar, biotite, hornblende, and

diopside in the gneiss area are significantly higher than

those in the dolomite area. The weathering of the rock is

still in the process of kaolinization in the early stage of

the laterization process, and there is a certain leaching

loss of amorphous substance SiO2. The Fe2O3 and Al2O3

are relatively enriched, but enrichment of Al2O3 is

relatively small, which is related to the incongruent

dissolution of plagioclase and pyroxene in the hydrolysis

process.

According to the characteristics of geochemical element

intensity, the properties of Al2O3 are relatively

stable and are consistent with the changes in Al2O3

content reflected by IOL. The weathering leaching

coefficient BA is used to reflect the leaching status of

Ca, Mg, Na and K, the smaller the index value, the

stronger the leaching effect of easily migrating elements

(Qiu et al. 2014). The BA values of gneiss bedrock,

regolith, and soil are 0.49–14.02, 0.44–12.67, and 0.59–

4.57, respectively, with the average values decreasing in

sequence. The BA value of the dolomite bedrock is 0.87–

41.00, the BA value of the regolith layer is 0.86–5.10, the

BA value of the soil layer is 0.89–2.14, the fluctuation

range of the weathering leaching coefficient value is

larger, and the Na, Ca and Mg elements have strong

activities during the weathering process, showing the

effect of migration and leaching.

CIA and MIA
The weathering leaching coefficient BA can only reflect

the overall leaching characteristics of strong active

elements of alkali metals and alkaline metals. On this

basis, the weathering alteration index CIA and the mafic

alteration index MIA are used to indicate the leaching

and enrichment characteristics of Ca, Mg, Na and K

during the weathering process. The CIA is used to

indicate the alteration degree of feldspar into clay

minerals, and at the same time, it can be used to indicate

the climatic environment of rock weathering (Nesbitt

and Young 1982). The larger the CIA value, the stronger

the weathering (Nesbitt and Young 1984). CIA value

between 50–65 indicates low chemical weathering, CIA
value between 65–85 indicates medium chemical weath-

ering, and CIA value between 85–100 indicates strong

chemical weathering (Wu et al. 2016a, b). The CIA
values of gneiss area and volcanic area are generally

characterized by soil layer[weathered layer[bedrock.

The CIA value range of gneiss bedrock is 9.07–77.53,

CIA value range of regolith layer is 10.04–76.80, and

CIA value range of soil layer is 27.25–74.08. The CIA
value range of the dolomite bedrock layer is 2.51–56.61,

the CIA value range of the regolith layer is 22.38–57.09,

Table 2 Calculation formula of weathering Index

Index Formula Reference

Sa [SiO2/ Al2O3] Price and Velbel (2003)

Saf [SiO2/ (Al2O3+Fe2O3)] Qiu et al. (2014)

BA [(CaO*+Na2O+K2O+MgO)/Al2O3)] Qiu et al. (2014)

IOL [(Al2O3+Fe2O3)/ (Al2O3+Fe2O3+SiO2)]9100 Babechuk et al. (2014)

CIA [Al2O3/ (Al2O3+CaO*+Na2O+K2O)]9100 Nesbitt and Young (1982, 1984)

MIAo [Al2O3/ (Al2O3+Fe2O3+MgO+CaO*+Na2O+K2O)]9100 Babechuk et al. (2014)

MIOr [(Al2O3+Fe2O3)/ (Al2O3+Fe2O3+MgO+CaO*+Na2O+K2O)]9100 Babechuk et al. (2014)

PIA [(Al2O3- K2O)/ (Al2O3+CaO*+Na2O-K2O)]9100 Fedo et al. (1995)

CIX [Al2O3/ (Al2O3+CaO*+K2O)]9100 Garzanti et al. (2014)

Note The IOL index is calculated using the mass fraction of oxides, and the remaining weathering indexes are calculated using the molecular

moles of oxides. CaO * is the molar content in silicate minerals, excluding the CaO content in carbonate and phosphate minerals. CaO and Na2O

in the silicate usually exist in a 1: 1 molar ratio, so when the molar number of CaO is greater than Na2O, the molecular mole of CaO * is equal to

the molecular mole of Na2O, and less than Na2O, there is mCaO.*=mCaO
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and the CIA value range of the soil layer is 35.89–65.06.

The CIA of dolomite formation is lower than that of

gneiss area, and it changes greatly during the weathering

of the gneiss bedrock, which is related to the higher

alteration of the original gneiss rock. The CIA values of

gneiss samples are generally between 50 and 85,

reflecting the degree of elementary chemical weathering

to moderate chemical weathering in semi-humid-semi-

arid climate conditions. The CIA value of the bedrock–

regolith layer in the dolomite area is less than 50, the

degree of chemical alteration and weathering of the soil

is low, and the soil maturity is relatively tiny.

Studies have shown that the early stages of chemical

weathering are Ca-removaland Na-removal, Mid-term

K-removal, and late Si-removal. According to Fig. 7, the

dolomite samples are mainly in the initial weathering stage

that Ca and Mg elements are strongly lost owing to

weathering, and the Al elements are relatively enriched.

The weathering degree of the samples in the gneiss area is

higher than that in the dolomite area, showing a strong Ca-

removal, Na-removal and K-riched. Using the ternary

diagram of the continental weathering trend proposed by

Nesbitt and Young (1984) (Fig. 6c), the weathering trends

of different minerals during the weathering process can be

identified, and the potassium metasomatism and rock

mineral composition can be judged (Mendieta-Lora et al.

2018; Sun et al. 2020b). In the A-CN-K diagram (Fig. 6c),

the sample is generally located on the side of the A-CN

terminal element, which fits well with the weathering trend

line. The distribution of samples in the gneiss area is more

scattered, primarily located in the area above the plagio-

clase-potassium feldspar line (CIA[50). The weathering

process is mainly at the stage of inconsistent dissolution of

plagioclase to form kaolin, which is more consistent with

the SAF diagram (Fig. 6b). Some samples are near illite-

musscovite. They are related to the inhomogeneous

hydrolysis and potassium metasomatism processes of dark

minerals in biotite plagiogneiss, plagioclase amphibolite

and amphibole plagiogneiss. These dark minerals include

biotite, amphibole, diopside, etc., which can form mus-

covite and illite through potassium metasomatism (Fedo

et al. 1995; Cox et al. 1995). The weathering trend line in

the dolomite area is not parallel to the ideal weathering

trend line. The sample points are more dispersed and

gradually approach the end-members of potash feldspar,

owing to the small content of silicate, and Al2O3 content

varies greatly in dolomite rock, as well as the migration of

other rock weathering exogenous clay minerals (Fig. 7).

Except for plagioclase and biotite, the main mineral

components of gneiss in the study area are primarily easily

weathered mafic minerals such as hornblende and pyrox-

ene, and there are accessory minerals of magnetite,

ilmenite and apatite. When the CIA characterizes the

degree of weathering of rocks, active components such as

Fe, Mg, and P in the bedrock are not considered, so the

MIA index (Babechuk et al. 2014) is introduced to char-

acterize the weathering and dissolution characteristics of

mafic minerals and to identify the redox during the

weathering process (Table 3).

The average MIAR of gneiss bedrock, regolith, and soil

layer in the study area was 46.10, 49.38, and 54.09,

respectively. As the degree of weathering increased, the

sample MIAR value gradually increased. According to the

identification of rock slices and the A-CNK-FM diagram

(Fig. 6d), theMIAR value of the sample point is far from the

CNK vertex (feldspar mineral) and FM vertex (dark min-

eral end element) of the A-CNK-FM diagram, close to the

A-CNKM-F graphically illustrates the CNKM line, indi-

cating that plagioclase, pyroxene, and hornblende all

contributed significantly during the weathering process.

There are many dark minerals (olivine, pyroxene) in the

bedrock, and the weathering trend is mainly to de-Fe and

de-Mg elements, accompanied by the leaching and loss of

Ca, Na and K elements, the dark minerals such as horn-

blende, pyroxene, biotite is transformed into light-colored

minerals such as feldspar and montmorillonite. The

A-CNKM-F diagram (Fig. 6e) shows that with the MIAR

value gradually increasing, the rock (soil) samples tend to

demineralization of Ca, Na, K, and Mg elements. The SAF

diagram reflects the same situation. The average values of

MIAo of bedrock, regolith and soil layer in gneiss area are

40.99, 37.99 and 38.30 respectively, which decreasing with

the weathering process. The MIAo value is slightly lower

Fig. 7 Relationships of CIA
versus Na/K and K/Ca* versus

Al/Na
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than the CIA, indicating that Mg, Ca, and Na have similar

chemical weathering behavior, Ca, Na, and K alkali metal

leaching, Al2O3 remained relatively stable, and Fe2O3

enrichment is fairly apparent. The AF-CNK-M diagram

(Fig. 6f) shows that during the weathering and dissolution

of mafic minerals, the loss of Mg plays a dominant role.

The depletion loss of Mg elements in rock minerals is more

significant. The raw metamorphic rocks exposed is a set of

granite series rich in sodium and poor in potassium, and the

metamorphism degree is hornblende facies, related to the

high abundance of hornblende magnesium. At the same

time, the main mineral in gneiss is plagioclase. The

weathering index PIA of plagioclase is used to characterize

the alteration characteristics of plagioclase in the weath-

ering of silicate rocks. The PIA values of bedrock, regolith

and soil layer in gneiss area are 6.13–92.36, 8.73–91.73

and 25.07–82.76, increasing with the weathering intensity,

and the average PIA value of each layer is higher than that

of CIA value. The process of gneiss weathering is mainly

the inconsistent dissolution of feldspar to form montmo-

rillonite, kaolinite and other minerals. The MIAR, MIAo,
and PIA of the bedrock and regolith in the dolomite area

are much smaller than those in the gneiss area related to the

main mineral composition of the dolomite is dolomite, and

only part of the kaolinite and quartz bands exist in the

interlayer. The MIAR and MIAo values of the surface soil

are basically consistent with the gneiss area, which is

related to the weathering degree of interlayer clay minerals

is weaker than dolomite, and it is related to the relative

enrichment in the surface soil. CIA and MIA are relatively

suitable for redefinition the weathering index of gneiss

formation where the original rock is magmatic rock. The

sensitivity to sedimentary rock formation dolomite is rel-

atively low. The CIX excludes the influence of CaO on the

sensitivity of the weathering index relative to the CIA. The
index value increases with the increase of the weathering

degree of bedrock, which is suitable for the characteriza-

tion of the weathering degree of sedimentary rocks

containing debris, and is used to redefinition the weathering

degree of sediments (Garzanti et al. 2014; Wu et al.

2016b). The CIX values of bedrock, weathered layer and

soil in gneiss formation area are 52.87–80.27, 57.92–84.58

and 63.37–80.60, and the average values are 64.37, 70.60

and 73.16 respectively. The average CIX indexes of

Table 3 Statistics on weathering index of bedrock–regolith–soil samples in different geological formations

Formation Layer Project Sa Saf BA IOL CIA MIAo MIAr PIA CIX

Dolomite formation Soil layer Min 8.156 0.959 0.895 15.369 35.894 19.989 24.917 34.158 57.233

Max 13.272 0.981 2.137 24.405 65.061 45.843 58.972 70.676 75.931

Mean 9.899 0.974 1.367 19.724 52.670 37.404 47.113 54.383 67.166

Cv 0.147 0.005 0.278 0.122 0.142 0.178 0.177 0.188 0.070

Weathered layer Min 7.746 0.975 0.856 2.768 22.380 15.755 19.652 19.328 58.679

Max 9.510 0.994 5.100 20.952 57.091 50.289 56.948 64.507 79.790

Mean 8.628 0.986 2.978 10.304 34.679 27.408 32.520 34.969 72.522

Cv 0.145 0.008 1.008 0.899 0.561 0.723 0.651 0.732 0.165

Bedrock layer Min 7.727 0.969 0.869 3.834 2.509 2.371 2.802 1.521 51.470

Max 56.050 0.999 41.002 18.003 56.614 50.112 56.445 69.549 96.371

Mean 26.136 0.988 18.849 9.898 16.200 13.123 15.142 14.819 70.504

Cv 0.644 0.012 0.896 0.512 1.109 1.216 1.179 1.565 0.209

Gneiss formation Soil layer Min 5.599 0.940 0.594 11.953 27.253 16.971 22.450 25.073 63.372

Max 9.313 0.988 4.570 32.130 74.078 54.652 69.545 82.758 80.598

Mean 6.922 0.959 1.320 24.965 58.646 40.993 54.095 61.600 73.155

Cv 0.138 0.017 0.753 0.255 0.201 0.236 0.223 0.244 0.078

Weathered layer Min 5.547 0.910 0.435 10.699 10.043 7.160 8.945 8.733 57.916

Max 8.819 0.991 12.717 32.676 76.797 57.169 75.110 91.726 84.577

Mean 6.649 0.960 2.343 24.552 52.808 38.297 49.375 55.231 70.600

Cv 0.138 0.021 1.501 0.287 0.339 0.343 0.335 0.380 0.110

Bedrock layer Min 4.627 0.901 0.490 7.973 9.072 6.545 8.260 6.133 52.868

Max 9.650 0.995 14.016 36.966 77.532 64.196 68.549 92.365 80.269

Mean 7.822 0.972 2.473 20.985 49.011 37.992 46.102 50.695 64.367

Cv 0.166 0.025 1.424 0.372 0.325 0.375 0.320 0.387 0.099
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bedrock, regolith and soil in the dolomite area are 70.50,

72.52 and 67.17, respectively. The dolomite interbedded

carbonaceous shale and mudstones are more weathered

than gneiss. The raw gneiss rock in the study area is

magmatic rock, and the rock’s chemical composition is

relatively uniform. There are processes of chemical com-

position change and recycling during diagenesis. The

minerals of rock are mainly plagioclase, biotite, horn-

blende, pyroxene, and other minerals. Dolomite is micrite-

powder crystal dolomite with less clay mineral content,

which is the first deposition and is less affected by epige-

nesis. However, sediment sorting makes some intercalated

minerals easy to deposit weathered minerals, resulting in

the enrichment of certain trace elements. The weathering

degree of gneiss in the study area is generally higher than

that in the dolomite area. The content of the stable rock

minerals montmorillonite and kaolinite is relatively

increased, but the weathering degree of the carbon-based

shale in the local interlayer of the dolomite is higher than

that of the sheet gneiss area.

3.2.2 Chemical loss fraction of soil bedrock elements CDF

The weathering index mainly characterizes the dispersion

and enrichment characteristics of the main elements in the

weathering process of minerals. The migration and accu-

mulation characteristics of trace elements and rare Earth

elements during the weathering process can be character-

ized by chemical depletion fraction (CDF) according to the

principle of conservation of mass. The leaching and

enrichment of elements during the weathering of rocks

(Oeser et al. 2018). In the process of chemical weathering,

the chemical loss fraction CDF can be a good measure of

the profit and loss of the elements in the weathered shell.

The calculation method is:

CDF ¼ 1� Xi½ �parent
Xi½ �weathered

In the formula: Xi represents the measured value of the

corresponding element in the soil and bedrock, [Xi] parent

represents the content of the corresponding element in the

fresh bedrock, [Xi]weathered represents the content of the

corresponding element in the weathered crust or soil.

According to the calculation, the box plots of the CDF

values of samples from different sampling horizons in the

gneiss formation and dolomite formation areas are statis-

tically shown in Fig. 8. The average CDF value of the rock

and soil samples in the gneiss area followed an order of

Se[Mo[B[P[Mn[V[Fe2O3[Ni[Ge[Al2O3[Zn[
SiO2[MgO[S[0, showing relatively enrichment. and

CaO\Cu\Na2O\K2O\0, showing leaching loss. The

CDF values of S, Zn, Cu, SiO2, MgO, Na2O, and CaO in

the sample fluctuated widely, and the characteristics of

CaO, MgO, Na2O, and S element differentiation during

weathering process were pronounced, and the coefficient of

variation was relatively large. The contents of Se, Mo, B,

S, Ni, Ge and Fe2O3 in the soil are generally relatively

fresh bedrock enrichment. SiO2 and Al2O3 only showed a

small loss, and the content of the bedrock was relatively

stable during the weathering process. During the weather-

ing process, K2O, Na2O, and CaO all showed leaching loss

and the leaching intensity increased in turn, with intense

activity. The order of the relationship between bedrock and

soil average CDF values in the dolomite area is Na2O[
Ni[V[P[Mn[K2O[B[Al2O3[Mo[Zn[S[SiO2[
Se[0, indicating those elements are relatively enriched

during the weathering of rocks. While CaO\Cu\Fe2O3\
MgO\Ge\0, the elements appear as leaching loss during

rock weathering. The fluctuation range of elements Mo,

Mn, Cu, Ge, Fe2O3, MgO, and CaO in geotechnical profile

samples is extensive. The content of elements Se, B, P, S,

V, Ni, Zn, K2O, and Na2O in the soil samples generally

showed relatively fresh bedrock enrichment, Cu, CaO, and

MgO showed leaching loss, and the rock type was mud

crystal dolomite, siliceous band dolomite, flint band dolo-

mite, iron-manganese dolomite, the main mineral

composition is dolomite, and the interlayer contains high

clay mineral content. In the process of rock weathering, the

enrichment degree of Se and Mo elements in soil in gneiss

area is greater than that in dolomite area. The B, P, Mn, V,

Ni, Al2O3, Zn, SiO2, and S elements in the dolomite area

are much more enriched than that in gneiss area. Geo-

chemical behavior shows that the leaching loss of CaO and

Cu elements in dolomite is higher than that of the gneiss

area, and the leaching loss of Ge, MgO and Fe2O3 in some

samples is much higher than that of gneiss. The geo-

chemical behavior of Fe2O3, Ge, MgO, K2O, and Na2O

differs greatly during the weathering of gneiss and dolo-

mite. The Fe2O3, Ge and MgO appear relatively enriched

during the weathering of gneiss, but it shows leaching loss

in the dolomite. K2O and Na2O elements show relative

enrichment in the dolomite, and show leaching loss in the

gneiss.

3.2.3 Mass transfer coefficient of soil bedrock elements

The chemical depletion fraction CDF mainly reflects the

change in the absolute content of the elements in the rock-

soil layer during the weathering of the rock. When the

leaching effect of highly active elements occurs, the con-

centration of “inactive elements” (or inert elements) in the

sample will increase relatively, so that it cannot truly

reflect the leaching and enrichment state of elements during

the chemical weathering process, so there is a deviation in

the characterization of the migration of the elements to the
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stronger elements. In order to eliminate this effect, a

specific “inactive element reference system” can be used to

determine the migration activity of the weathered rock and

soil element composition relative to the fresh parent rock.

The mass balance coefficient τ (MacLean 1990; Chadwick

et al. 1990) is used to calculate the mass balance equation.

The calculation formula is as follows:

sij ¼ Xi½ �weathered
Xi½ �parent

�
Xj

� �
parent

Xj

� �
weathered

� 1

In the formula: Xij is the element concentration, i and j

are the reference element and the element to be calculated;

w and pare soil and unweathered fresh bedrock respec-

tively; If τij\0, it means the relative migration and

leaching of element j; τij=0 means that element j neither

leaches nor produces secondary enrichment, which is an

inert element; τij[0 means that element j occurs secondary

enrichment; The rationality of the τij value depends on the

selection of reference elements and the determination of

the reference soil mother rock. The commonly used ref-

erence elements are Ti, Zr, Sc, Al2O3, REE, etc. (Oeser

et al. 2018; Zhou et al. 2020). In this paper, the inert ele-

ment Ti is selected to calculate the element τij value.

As shown in Fig. 9 of the statistical box diagram, with Ti

as the reference element, Se, B, V, S, Mn, and Mo in the

gneiss formation are relatively active solid elements, which

appear to be enriched in the soil layer during weathering,

and others elements generally exhibit relative Ti depletion,

and the bedrock-soil τ value followed an order of Se[B[
V[P[Mo[Mn[CaO[S[Ni[Fe2O3[0[Cu[SiO2[
Na2O[K2O[Ge[Al2O3[Zn[MgO. The variation coef-

ficient (Cv) of τ value of CaO, Cu, Fe2O3, V, Mn and Ni

element is relatively large, and the fluctuation of relative

inert element Ti activity is relatively large. The bedrock-

soil quality migration coefficient τ value in the dolomite

area followed an order of Na2O[P[Ni[0[V[K2O[
Al2O3[Mn[S[Se[B[SiO2[Fe2O3[Ge[Mo[Zn[
MgO[Cu[CaO. In the process of dolomite weathering

and soil formation, the element differentiation character-

istics are weaker than in the dolomite area, but the degree

of dispersion among the elements is greater. The Na2O, P,

Ni elements are enriched relative to the Ti element, and the

other elements are depleted relative to the Ti element,

which may be related to the release of intercalated clay

minerals during the dolomite weathering process and the

increase in Na2O content. The enrichment of Ni in the

ferromanganese dolomite is related to the in-situ

Fig. 8 Statistical boxplot of chemical depletion fraction in different geological formations

Fig. 9 Statistical boxplot of mass transfer coefficient in different geological formations
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accumulation of the accessory mineral apatite, which is

difficult be weathered. The elements Cu, Mo, Zn, Ge, and

Fe2O3 mainly exist in the form of mineral lattices and iron-

manganese hydroxides. During the weathering and

hydrolysis of dolomite, the mineral lattice damage led to

the Cu, Mo, Zn, Ge and Fe2O3 elements and CaO and MgO

loses synergistic leaching loss, so the leaching loss of

Fe2O3, Ge, Mo, Zn, MgO, Cu, CaO in the dolomite

increases sequentially.

There are apparent differences in the characteristics of

element mass migration during the weathering process of

gneiss and dolomite. The elements P and Ni are enriched

during the weathering soil-forming process of gneiss and

dolomite, and the concentration of P in the soil in the

dolomite area is relatively high. Ni is highly enriched in

gneiss soil. Na2O shows leaching loss in the gneiss soil,

and obviously enriched in the dolomite soil, which may be

related to the exogenous migration of Na2O in the dolomite

soil. Se, B, V, S, Mn, Mo, Fe2O3, and CaO are relatively

Ti-enriched in gneiss soil; however relatively leached and

lost in dolomite. Cu, SiO2, Ge, Zn, MgO, Al2O3, and K2O

are relatively deficient in Ti elements during the weather-

ing process of gneiss and dolomite. The leaching loss of

Cu, SiO2, Ge, Zn, and MgO in dolomite is higher than that

of gneiss in the area.The loss of Al2O3 and K2O in gneiss is

stronger than dolomite related to the higher feldspar min-

eral content in gneiss and the leaching of Al2O3 and K2O

during the weathering process. The element quality

migration coefficient τ is basically in the same order as the

element migration loss value obtained from the CDF

analysis value, that is, the greater the absolute value of τ
(the smaller the negative value or the larger the positive

value), the greater, the more obvious the difference is

between the parent rock and the soil.

3.3 Soil–plant element content characteristics

3.3.1 Element geochemical characteristics of crop samples

The trace elements in the human body mainly come from

the soil, and enter the human body through these food

chains such as plants and microorganisms. Moreover,trace

elements plays an important role in promoting plant

growth, increasing crop yield, improving quality, and

enhancing plant mineral element absorption (Sibel et al.

2009; Alaimo et al. 2018). The crop samples in this study

mainly tested the contents of Fe, Mn, Se, Zn, Cu, Ni, Mo,

Ge, B, and rare Earth elements in chestnut, hawthorn,

walnut, and some crop branches and leaves (Fig. 10).

The relationship between the total content of trace ele-

ments in chestnut samples is Mn[Fe[Zn[Cu[B[Ni[
Mo[Se[Ge, and the relationship between the total content

of trace elements in walnut samples is Mn[Fe[Zn[Cu[

Ni[Mo[Ge, which is basically the same as chestnut. The

relationship of the total content of trace elements in the

hawthorn sample is Fe[B[Zn[Mn[Cu[Ni[Mo[Se[
Ge. The elements of Fe, B and Zn in the hawthorn sample

are relatively higher than those of chestnut and walnut. The

total Se content of chestnut in the study area ranged from

1.38 to 40.33 μg/kg, and the average content was 11.60 μg/
kg. The total content of hawthorn samples ranged from

0.84 to 22.64 μg/kg, and the average content was 11.88 μg/
kg, which was similar to the Se content of chestnut sam-

ples. Referring to Se-rich agricultural standards (DB36T

566–2009 and DB42/211–2002, etc.), fruits with Se con-

tent≥0.01 mg/kg belong to Se-rich fruits(Yan et al. 2018).

The local standard for selenium-rich and selenium-con-

taining foods in Shaanxi ( DB 61/T556–2018) stipulates

that the selenium-rich standards for oil plants, medicinal

plants and nuts are Se content≥0.02 mg/kg and selenium

content 0.010–0.015 mg/kg. According to the above stan-

dards, 41.67% of chestnut samples reach the selenium

standard of nuts, 8.33% of chestnut samples reach the

selenium standard of nuts; 57.14% hawthorn samples reach

the selenium-rich fruit standard.

According to the statistics of trace element content of

crop samples in gneiss and dolomite construction zones,

the average contents of Se, Mo, Mn and Zn in chestnut in

the gneiss area are 12.12, 0.109, 45.21 and 16.40 mg/kg,

respectively. The average contents of Se, Mo, Mn and Zn

in chestnut are 9.00, 0.087, 39.54 and 16.00 mg/kg,

respectively. The contents of Se, Mo, Mn and Zn in

chestnuts in gneiss area are higher than those in dolomite

area, The contents of Se, Mo, Mn and Zn in chestnut in

gneiss area are higher than those in dolomite area, while

the contents of other elements are lower than those in

chestnut in dolomite area. The average contents of LRE,

HRE and REE in chestnut samples from dolomite area are

Fig. 10 Trace element and rare Earth element content in crop

samples
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117.884, 26.617 and 144.501 μg/kg, respectively. The

average contents of LRE, HRE and REE in chestnut

samples from gneiss area are 91.153, 14.614 and

105.767 μg/kg, which are lower than those in dolomite

area, but the fractionation of light and heavy rare Earth

elements is higher than that in dolomite area (Fig. 10).

3.3.2 Bioconcentration factor of crop elements

In general, BCF (bioconcentration factor) is used to char-

acterize the law of element distribution in soil–plant

systems (Wen 2013; Wang 2016). The calculation methods

are as follows:

BCF ¼ Xi½ �plant
Xi½ �soil

In the formula, [Xi]plant and [Xi]soil respectively repre-

sent the content of element i in crop samples and soil

samples.

According to the size of bioconcentration factor, the

intake intensity of soil elements of crops can be divided

into four levels: BCF Strong uptake at[1.0, moderate

uptake at 0.1\BCF≤1.0, weak uptake at 0.01\BCF≤0.1,
and very weak uptake at BCF\0.01. According to the

statistical box plot of the biological enrichment coefficient

(Fig. 11), the BCF value of the trace element enrichment

coefficient of the chestnut samples in the whole region is

Cu[B[Mo[Zn[Ni[Se[Mn[Fe[Ge, in walnut sam-

ples, Mo[Cu[Zn[Mn[Ni[Fe[Ge, and in hawthorn

samples Mo[B[Cu[Zn[Se[Fe[Ni[Mn[Ge. Com-

pared with hawthorn and walnut samples, chestnut samples

have higher bioconcentration factor of Cu, B, Ni, Se, Ge

and Mn. The BCF of Cu in chestnut ranges from 0.103 to

1.039, and the average BCF of element B is 0.263,

appeared as medium uptake of Cu and B elements. The

BCF value of Ni in chestnut ranged from 0.019 to 0.500,

with an average of 0.124. 54.29% of chestnut samples had

weak Ni uptake, while the rest of the samples showed

moderate uptake. Chestnut Se element BCF average value

is 0.100, up to 0.856, 78.57% of the sample Se is weak

uptake, 14.29% of the sample is moderate uptake. The

average BCF of Mn element in chestnut samples is 0.067,

which is mainly weak uptake, accounting for 88.89% of the

total samples. The average BCF of Ge element in chestnut

is 0.0062, which is dominated by very weak uptake. The

BCF values of Cu in walnut samples ranged from 0.157 to

0.556, which were all medium uptakes. The average value

of Cu element in hawthorn samples is 0.122. Compared

with the intake of chestnut and walnut, the content is the

lowest. 45.45% of the samples are weakly uptake, and the

remaining Cu elements are moderately uptake. The BCF

value of Ni in walnut and hawthorn samples was signifi-

cantly lower than that of chestnut samples and relatively

stable. The BCF value of walnut samples ranged from

0.012 to 0.041, both of which showed weak intake. The

BCF value of Ni in the hawthorn samples ranged from

0.003 to 0.049, mainly due to weak uptake. The concen-

tration of Se elements in hawthorn samples is weaker than

that of chestnut samples, and the BCF value ranges from

0.002 to 0.107, mainly due to weak uptake. The average

BCF of Ge elements in walnut and hawthorn samples were

0.0019 and 0.0023, respectively, both of which were very

weakly uptake. The BCF value of Mn element in walnut

samples ranged from 0.022 to 0.107, showing weak uptake.

The content of Mn element in the hawthorn sample was

significantly lower than that in the chestnut and walnut

samples. The BCF range was 0.0026–0.0073, and the

uptake of Mn element was very weak. The uptake intensity

of Zn and Mo elements in walnut samples is significantly

higher than that of chestnut samples and hawthorn samples,

the average BCF of Mo in walnut, chestnut and hawthorn

samples were 0.370, 0.236 and 0.370, respectively, which

were mainly medium intake.

According to the statistical calculation of the trace ele-

ment bioconcentration factor of crop samples based on

gneiss and dolomite formation zones, compared with the

dolomite area, the chestnut in the gneiss area has higher Se,

Mo, and Ge uptake intensity (Fig. 11). The average BCF of

gneiss area is 0.041, 0.259 and 0.071, and the average BCF

of dolomite area is 0.005, 0.116 and 0.005. The biocon-

centration factor of Cu, Ni, Zn, Mn and Fe in chestnut

samples in dolomite area is relatively higher than that in

gneiss area. Except for Ge and Fe, the uptake strength of

chestnut samples in carbonaceous shale area is weaker than

that in dolomite area, other elements are stronger than

those in dolomite area, and the uptake intensity of Cu, Ni,

Zn, Mn, and Fe is higher than gneiss Area.

Fig. 11 Statistical boxplot of bioconcentration factor in soil- crop

continuum
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3.4 Effects of trace elements on crop quality

3.4.1 Correlation of trace elements in soil-vegetation
system

Soil is the main source of mineral elements needed for

vegetation growth, and the trace element composition of

crop plants largely inherits the geochemical characteristics

of the soil in the growing area. The content of elements in

plants often shows the material inheritance of soil ele-

ments, that is, the elements absorbed by plants have a

positive correlation with the content of elements in soil. It

can be seen from the soil-crop trace element relationship in

Fig. 12 that the Mn, Ni, Cu and Mo elements in the

chestnut, walnut and hawthorn samples are positive cor-

relation with the corresponding element content in the soil.

The correlation coefficient (R2) of Mn element content

reached 0.430, and the correlation coefficient (R2) of Ni

element was 0.357. The correlation coefficient of Ge ele-

ment (R2) of chestnut and soil samples in dolomite area is

0.267, the correlation coefficient of Cu element (R2) in

walnut samples and soil samples is 0.120, and the corre-

lation coefficient of Mo element (R2) in walnut samples

and soil samples is 0.356, These elements have a tendency

to increase and decrease in crops and soil, showing a good

positive correlation characteristics, indicating that the

composition of vegetation crop elements has a strong

dependence on soil.

The absorption behavior of Fe and Ge elements in the

soil-vegetation in gneiss and dolomite areas is quite dif-

ferent. The walnut element in the dolomite area has a

positive correlation with the Fe element in the soil samples,

with a correlation coefficient (R2) of 0.238. The chestnut

sample in gneiss area and the element e in soil F had a

negative correlation, with a correlation coefficient (R2) of

0.536.The soil in the gneiss area is weak acidity, with an

average pH value of 6.31, and the soil in the dolomite area

is slight alkaline, with an average pH value of 7.45. There

are many clay minerals in gneiss area, and Fe element is

related to the adsorption state of montmorillonite, chlorite

and the adsorption state of halloysite in gneiss weathered

soil. At the same time, the gneiss soil and chestnut samples

were generally higher than the soil and walnut and haw-

thorn samples in the dolomite area. The average Fe2O3

content in the gneiss and dolomite area soil samples was

7.91% and 5.23%. The elements in the process of soil–

plant absorption have a “low promotion and high inhibi-

tion” effect to a certain extent. The Ge element in alkaline

soil exists in the form of hydroxide, and the soil is alkaline

to limit the dissolution of the element. In the dolomite area,

the Ge element in the soil-vegetation rare Earth has a

negative correlation. The elements of Zn and Se were

negatively correlated in the soil-vegetation system in

gneiss area and dolomite area. The Zn element mainly

exists in the mineral lattice, silica gel and organic combi-

nation state, and rarely exists in the form of specific

adsorption such as clay minerals. The soil and crop samples

in the study area are rich in Zn. Due to the “low promoting

and high inhibiting” effect of biological absorption regu-

lation mechanism of vegetation, there is a negative

correlation between Zn absorption by plants and Zn in soil.

Fig. 12 Content relationship of trace elements in soil-crop system
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3.4.2 Principal component analysis of crop samples

Principal component analysis was carried out according to

the element content of crop samples (Fig. 13), and the

principal component factor loading map of apricot meat

and almond samples was obtained, and combined with

Pearson correlation system clustering feature analysis

showed that in chestnut samples, Ge, Cu, Zn, Mn were

Group, Fe, Ni, Mo are a group, mainly iron group elements,

which have a correlation of elements with the original rock

and soil, and have good Migration inheritance. Se and rare

Earth elements (LRE, HRE and REE) are a group, which

has an important effect on rare Earth elements on plant

mineral metabolism. Appropriate concentration of REE can

improve plant root vitality and promote the absorption of

Se elements by roots. Fe, Mn and Cu in walnut are a group,

and Ni and Zn are in a group, which has a high correlation

with the distribution of ferromanganese dolomite in the

construction of dolomite, and the ecological geochemical

behavior of iron and manganese in rock-soil-crop inheri-

tance is better. Ni and Zn elements are a group, and Ge, Mo

and rare Earth elements (LRE, HRE and REE) are a group.

Rare Earth elements can promote the absorption of trace

elements in soil. Ni and Zn elements are a group, and Ge,

Mo and rare Earth elements (LRE, HRE and REE) are a

group. Rare Earth elements can promote the absorption of

trace elements in soil. In general, the characteristic ele-

ments have a significant correlation between the process of

rock weathering and soil formation and the process of soil–

plant absorption, and the element migration of the BRSPC

system has a good inheritance.

The total content of B in chestnut samples in the whole

region was 5.03–10.02 mg/kg, with an average value of

7.31 mg/kg. The average content of B in hawthorn samples

was 11.57 mg/kg, which was higher than that of chestnut

samples, and significantly higher than that of Fujian bay-

berry 0.766–0.857 mg/kg and Shandong Yantai apple

0.144–0.204 mg/kg. The chestnut, walnut and hawthorn

samples in the whole area have higher Fe and Mn element

contents, and the average Fe and Mn element contents in

chestnut samples are 33.50 and 49.96 mg/kg, respectively.

The maximum Mn content can reach 157.04 mg/kg. The

average Fe and Mn contents of walnut samples were 36.13

and 40.38 mg/kg, respectively. The contents were rela-

tively stable, the fluctuation range was smaller than that of

chestnut, the Fe content was slightly higher than that of

chestnut, and the Mn content was lower than that of

chestnut samples. The average content of Fe and Mn in

hawthorn samples is 33.94 and 3.36 mg/kg, the Fe content

is between chestnut and walnut, and the content of Mn is

significantly lower than that of chestnut and walnut sam-

ples. The Fe content of crop samples in the study area is

higher than that of chestnut in Shandong, Henan, Changan,

Shanxi, Luotian, Fujian, Guangdong and other places (1.9–

4.0, 2.2, 1.1, 0.9, 0.6 and 1.5 mg/kg,), also higher than the

content of Fe in Fujian bayberry and Yantai apple

(0.18 mg/kg). The Fe content of crop samples in the study

area is higher than that of chestnut in Shandong, Henan,

Changan, Shanxi, Luotian, Fujian, Guangdong and other

places (1.9–4.0, 2.2, 1.1, 0.9, 0.6 and 1.5 mg/kg,), also

higher than the content of Fe in Fujian bayberry and Yantai

apple (0.18 mg/kg). The content of Mn in chestnut and

walnut is also higher than that in Fujian bayberry

(6.335 mg/kg), Yantai apple (0.52 mg/kg) and Ningxia

wolfberry (21.14 mg/kg). The average contents of Zn, Cu

and Ni in chestnut samples were 16.42, 11.96 and 5.15 mg/

kg, respectively. The average Mo element content is

0.11 mg/kg. The Ge element content ranges from 1.60 to

21.13 μg/kg, with an average of 6.29 μg/kg. The average

content of Zn in walnut samples was 22.61 mg/kg, which

was higher than that of chestnut samples and 5.63 mg/kg in

hawthorn samples in the study area. Chestnut and walnut

are relatively zinc-rich crops. The Zn content of the crop is

higher than that of Fujian bayberry (0.86 mg/kg), which is

equivalent to the Zn content of Ningxia wolfberry

15.17 mg/kg. The average Cu content in the walnut and

hawthorn samples was 8.89 and 3.11 mg/kg, respectively,

and the average Ni content was 0.88 and 0.74 mg/kg, which

were significantly lower than the chestnut sample. The

average Mo content in walnut samples is 0.25 mg/kg,

which is higher than that of chestnut samples and hawthorn

samples. The average content of Ge in hawthorn samples

was 3.93 μg/kg, which was higher than that of walnut

samples and lower than that of chestnut samples. The rare

Earth elements of crop samples in the study area are

obviously different. The relationship among the light rare

Earth LRE, heavy rare Earth HRE and total rare Earth REE

of the crop samples is walnut[hawthorn[chestnut sample.

The average LRE, HRE and REE contents of chestnut

samples were 96.598, 17.248 and 113.846 μg/kg,Fig. 13 Factor loading analysis of element content in crops
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respectively. The average LRE, HRE and REE contents of

walnut samples were 369.889, 119.554 and 489.443 μg/kg,
respectively. The average contents of LRE, HRE and REE

of hawthorn samples were 149.413, 29.006 and

178.419 μg/kg. The average L/HRE ratio of the chestnut

samples was 5.674, which was higher than the hawthorn

L/HRE value of 5.137 and the walnut sample L/HRE value

of 3.788. Chestnut and hawthorn samples were signifi-

cantly stronger in light and heavy rare Earth fractionation

degrees than walnut samples.

4 Conclusion

The soil in the gneiss area is mainly moderately acidic,

and the soil in the dolomite area is mainly neutral-al-

kaline. The contents of V, Cu, TP, Fe2O3, Na2O, Se,

Al2O3, Ge total rare Earth (REE) and light rare Earth

(LRE) in the soil of the gneiss area are higher than those

of the dolomite area, B, Mo, Mn, TK, S, TN, CaO and

rare Earth (HRE) elements are lower than in the dolo-

mite area, and Ti and SiO2 are similar. The content of Ti,

Mn, P, Zr and Zn in gneiss rock and regolith is higher

than that in dolomite.

The rock-soil in the gneiss area is in the stage of primary

chemical weathering-medium chemical weathering, and

the soil maturity is relatively high; the rock-soil in the

dolomite area is in the stage of primary chemical

weathering, and the degree of weathering is lower than

that in the gneiss area, and the soil is mature relatively

small. The enrichment strength of rock weathering

elements in the gneiss rock area is Se[Mo[B[P[
Mn[V[Fe2O3[Ni[Ge[Al2O3[Zn[SiO2[MgO[
S[0, and the leaching loss strength CaO[Cu[Na2O[
K2O; the order of enrichment degree of soil elements in

dolomite area is Na2O[Ni[V[P[Mn[K2O[B[Al2-
O3[Mo[Zn[S[SiO2[Se, and the leaching loss

intensity CaO[Cu[Fe2O3[MgO[Ge. Taking Ti as

the reference element, Se, B, V, S, Mn and Mo are

relatively strong active elements in gneiss formation,

Na2O, P and Ni in dolomite are relatively strong active

elements; gneiss vanadium titanomagnetite iron The

elemental high geological background of group elements

and ferromanganese dolomite has a significant impact on

the geochemical characteristics of land mass, providing a

rich source for soil Fe and Mn.

The chestnut, walnut and hawthorn samples are rich in

Fe, Mn and Zn elements. The content of Fe is similar.

The chestnut sample has the highest Mn content, which

is 1–2 times that of walnut and hawthorn. The walnut

sample has the highest Zn content, which is 41.67% of

chestnut. The samples meet the standard of selenium

content in nuts. The BCF values of chestnut samples are

Cu[B[Mo[Zn[Ni[Se[Mn[Fe[Ge.

The contents of Mn, Ni, Cu, and Mo elements in plants

show material inheritance to soil elements, and there is a

trend of co-evolution in crops and soils, showing a

positive correlation; The characteristic elements of Fe

and Mn in the chestnut crop samples have a significant

positive correlation in the process of rock weathering

and soil–plant absorption, indicating that element con-

duction in the BRSPC system has good inheritance.
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