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Abstract

This is a methodological research on the chronology of soil development with the
view of dating active structures in the piedmont of the Yumushan mountains of the Hexi
corridor, China. Based on chemical analyses of soil samples systematically collected from
test pits dug on terraces of different periods and "¢ and thermoluminescence dating of
these terraces, the authors made a detailed study on the primary physical and chemical
features of soil development in this region related to the new fault activities, as well as
their evolution law with time. The quantitative relations of the content and accumula-
tion index value of CaCO3 in soils to ages of soil development were established prelimi-
narily . Examination and contrastive analysis show that the established formulae are ap-

plicable to the active fault dating in similar areas.
Key words Hexi corridor  Active fault, Soil development, Dating method Y umushan mountains

1 Introduction

The results of pedological research reveal that many features of the soil are closely related
with the length of its development time. This relation comprises not merely the physical features
of soil, such as color, structure, massiness and thickness, but also many chemical properties, such as
the contents of calcium carbonate, secondary plaster and secondary ferric oxides and certain chemi-
cal elements. Therefore, the ages of soil and its Quaternary sediment and fault can be calculated
based on the principle of the temporal evolution of some or overall characteristics of soil in its de-
velopment and by using the quantitative equations betw een soil property and development age or
the soil property accumulation rates established by statistical approach. This dating method by us-
ing soil development has been widely applied in the measurement of the age of active structures
and Quaternary stratd '~ and is exhibiting irreplaceable advantages and broad prospects of devel-

.. [8~10
opment and apphcatlon[ I

The pedochronological method is set up on the basis of the detailed analy sis of and research on
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soil profiles, which bear the features of layered development. In arid and semi-arid areas, soil of
normal development is of three layers: eluvial horizon (A), illuvial horizon (B), and parent m ateri-
al horizon (C), which are basic unit horizons of a soil, and for highly developed soil its every hori-
zon may be further divided into several sub-horizons. Material shifts and variations occur all the
time in all horizons. The extent of soil development and the evolution law with time are most
clearly shown in horizon B. For example, in the piedmont of the Yumushan mountains of the Hexi
corridor, the soil contains rich calcium, most obvious in horizon B, and the maximal content value
of CaCO3 in the soil profiles are all in the same horizons, mostly in which calcic accumulation hori-
zons have formed and their features and CaCO3 contents all change regularly with the development
ages of the profiles. Such regularities are the foundation on which soil age is able to be determined.

It should be pointed out that soil development is influenced by various factors. It is the func-
tion of climate, parent material, vegetation, landform and time. The hypo thetical condition for soil
dating is for all elements except time to maintain their constants, taking into account only the tem -
poral relation of evolution, in order to obtain the information of age and temporal variations for the
calculation of soil development in other sites. As landform conditions can be controlled in operation
and vegetation is conditioned by climate, soil dating method is generally practicable in the areas

with identical or similar climatic and parent material conditions.

2 The Developmental Features of the Soil in the Piedmont of the Yumushan Mountains

The Yumushan mountains
are crosswise upheaval in the
middle of the NWW Hexi corridor
(Fig. 1) on the north and east

edges of which grow two active

faults; the former is of thrust and

overthrust nature, while the latter

is of right-lateral slip with com-

pression. Both have experienced

0 20 40 60 80 100km

strong activities since the late

Pleistocene and relics of 2 to 4 Fig. 1 Neotectonic map of the Hexi corrdor.

palaeoearthquakes have rom 1 Pre-Quaternary bed outcrop area; 2 Quaternary strike dip faulg

11 3 Quatemary thrust and reverse fault; 4 Geophysical progecting or inferred fault;

. The violent up]ift of 5 First-order planation surface; 6 Secondrorder phnation surface;
the Yumushan mountains in the 7 T hird-order planation surface; 8 River

Altitude above sea-level of the first-order planation surface:

from 3 600 m to 5000 m for west segment of Mt. Qilian;

mained!

Quaternary resulted in thick allu-

vium-proluvium, forming the pied- from 3 200 m to 4 000 m for east segment of Mt. Qilian;

mont Gobi plam Along the foot of frnr'n 2 800 m to 3200 m for Mt. Beishan and 2 ()'00 m for Mt. Heishan.
Altitude above sea-level of the second-order planation surface:

the mountainsare  multi-period  from 3 200 m t0 3 600 m for west segment of Mt. Qilian;

from 2 800 m to 3 200 m for east segment of Mt. Qilian;

3 000 m for Mt.Dahuang; from 1 800 m to 2 000 m for Mt. Beishan.

Altitude above sea-level of the third-order planation surface:

proluvial fans and multi-level allu-
viakproluvial terraces on which

are natural soils developed to dif-  from 2 600 m to 2800 m for Mt. Qilian; 1 500 m for Mt. Beishan.
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ferent degrees. We have made detailed field investigations of the soils and undertaken systematic
analy sis of and research on the well-developed terraces in the mouth of Heihe river at the eastern
foot of the Yumushan mountains. Specifically speaking, the work includes: 1) systematically deter-
mining and calculating the formation ages of the terraces by thermoluminescence and *C dating
methods and estimating the height of all terraces along the Heihe river; 2) detailed description of
and systematically sampling from the 6 prospecting trench profiles on the first-to fifth-levels of
terraces and the small first-level earthquake terrace betw een the third-and fourth-levels of terraces
with a gross chemical analysis of 36 soil samples; and 3) contrasting the soils from terraces of def-
ferent periods and studying change of their physicochemical characteristics with time.
2.1 The Development and Formation Ages of Terraces in the Mouth of Heihe River

In the valley, 5 levels of fluvial terraces (Ti, To,
T3, T4 and Tsin Table 1) are well developed (Fig.2). In

addition , two other small earthquake terraces (T. and

-]

T2) are discovered between the third- and fourth -level

N\

terraces in the upside of the fault on the northeastern

[

bank of the river! ' . Among 5 levels of fluvial terraces,

formation ages of four were determined by numerical

dating technique. These four terraces are T2, T3, T4 and

2
3

Al

Ts, of which the former two are '*C age and the latter

two thermoluminescence age (Table 1).By adopting the Fig-2 Distribution of faults and teraces at the
d heich fth f d . mouth of Heihe river.
ages and heights ol these terraces, four undercutting rates 1 fault scarp and its throw (the side with short

of the Heihe river may be obtained since the formation of lines is upside of faulv); 2 terrace and its number;
3 palaeoearth quake trench; 4 soil trench and its

corresponding terraces, an average rate of 1. 81 mm/a number 5 boundary of basin

since the late Epipleistocene (approx. 40000 aB. P.)at
the foot of the mountains and by adopting the formation age of the second-level terrace (12 250 a
4350 a by “C) and its height a mean undercutting rate of

Table 1 Data of the terraces at the mouth of the Heihe river *

Temrace T, T, T, T: T2 T, Ts
Terrace Height (m) 3~5 12 33 36 39 44 94
v . TL — — — — — 261 3843
it
ormation e — 12.340.4  15.7+0.2 — — — —
age/la SL 5 — - 19 21 — -
Undercut ting Single rate — 0.976 2.102 — — 1.692 2.474
e Average b'mcc Q4 0.98 — — — — —
Since lte
/[mm“afl] rate 1. 81
Qs

* Terrace height refers to the height betw een terrace surface and river bed; T L is the thermoluminescence age; SLis the age of ter-
races based on the average undercutting rate of theriver. 1“C dating w as done by Zhang Yutian and Cao Jixiu of Lanzhou University;
Thermoluminescence dating was done by Liu Aiguo and Hu Bifang and checked by Lu Yanchou of the Institute of Geological Re-

search, China Seismological Bureau.
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0.98 mm/ a will be calculated for the river since the Holocene epoch. Based on the above two val-
ues, ages of formation will be achieved for the other two small terraces and the first-level terrace
(Table 1).

It is necessary to explain that the above-mentioned four numerical age samples were collected
from the top of sand-gravel layer of corresponding terraces and the bottom of the thin overlying
loess or soil. Therefore, their ages should represent the years of completion of their own terraces or
the years of the fluvial deposit termination and undercutting initiation. They may also be the be-
ginning ages of soil development on the terraces. It should be pointed out that the formation age
obtained on the basis of the fluvial undercutting speed for the two small seismogenic terraces
(Fig.2) might be a little older according to judging by their formation as a result of undercutting
the upside after the abrupt faulting, therefore, the undercutting rate is obviously bigger than the
normal. For this reason, the ages of the previous two small seismic terraces should represent the
maximum value.

2.2 The Physical Characteristics of Soil Development

The soil of the researched region develops under the condition of arid desert and semidesert.
The soil-forming parent material is composed of alluvial-proluvial gravel, grit and thin loess layer.
The profiles bear aridic epipedon, secondary clayization and gypsification. The soil is of strong cal-
careous nature with CaCOj3 relatively concentrated, mostly having formed calcareous accumulation
horizon. Therefore, the soil in this area is fundamentally calcicorthic aridisol typel " The calcic
accumulation horizons of only a small number of young profiles are less developed whose content
values of CaCO3 exceeding those in the parent material horizons are slightly less than 5%.

Field investigations revealed an obvious division of soil horizons whose degree of development
increased with increasing age of profiles. The most evident was the horizon B (illuviation hori-
zon), which was characterized chiefly by the thickening and subdividing of the layer, the darken-
ing of its color; the reinforcing of its compactness, the augmenting of calcareous reflection, the
strengthening of viscosity and the extending of gypsification.

2.3 The Chemical Characteristics of Soil Development

By X fluorescence spectrum analysis of the contents of the 36 soil samples from 6 profiles on
different terraces at Heihe river mouth, 8 oxides and 16 elements were identified (Table 2). The
CaCO3 content analysis was also executed with the results in Table 2.

The analysis of CaCO3 showed that the soil in this area is obviously of calcic accumulation,
there is rich CaCO3 in horizon B with a depth between 7 and 70 centimeters. The most striking
case was sub-horizon B whose depth is between 8 and 40 centimeters and in w hich there is gener-
ally the maximal CaCO3 content value of over all profile. In addition, with the increase of age of
the profiles, the content of CaCOj3 in the profiles apparently increased on the whole (Fig.3), and
the calcic accumulation horizon thickened and its subhorizons multiplied.

The analysis of oxides showed that the extent of mineral composition shifting in the profiles
was not even. Compared with the parent material, the movement of Ca, Na and K was relatively
marked, that of Fe, AL, Mg and Ti was slight and that of Si relatively stable. Among all these com -

ponents, Ca shifting was the most obvious, its high content occurred in horizon B and its content
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increases with increasing age of the profiles (Fig. 3). The horizon B also contained a high value of
Na which slightly increases with time (Fig.4). Ti, on the other hand, was mostly distributed in
horizon A and there was no evident regularity of change with the development age of the profiles.
The maximum content of Fe was mostly in horizon A, but some in horizon B.Fe and Al demon-
strated the same tendency of slight decrease in content with the increasing time (Fig.5). Such
change which disagrees with usual circumstances deserves further research.

Table 2 Chemical data from the soil profiles at the mouth of Heihe river in the eastern piedmont
belt of Yumushan mountains *

Profile Profile b- Sampling Soil hori- Results of analysis( %)
cation and zor/ sub-
No. age/ka depth/em ) on CaCOs 802 ALOs  Fe0s Ca0 Mg KO  NaO  TiOs
HPit-4 T, 0~8 A 10. 98 57.63 12.27 5.2 6.04 3.25 2.52 1.42 0. 66
5 8§~ 18 B 13.20 58.72 12.23 5.4 5.56 3.20 2.47 1.53 0. 66
18~ 36 C 8.87 61.69 10.74 4.9 5.38 2.92 2.18 1.71 0. 65
HPit-5 T, 0~13 A 13.53  57.21 11. 08 4.92 6.87 3.52 2.37 1. 81 0. 64
12.3 13~28 B 15.10 55.58 11.07 4.91 7.39 3.82 2.35 2.05 0. 62
28~ 46 B, 13.72  57.33 11. 10 4.93 6.63 3.71 2.37 2.09 0. 60
46~ 61 Cy 12.37 57.86 11.14 4.8 6.55 3.43 2.36 2.05 0.61
61~94 Ca 6.53 63.13 11. 64 4.91 3.91 2.90 2.49 1. 94 0. 60
HPit-1 Ts 0~8 A 15.05 56.72 10. 95 4.8 7.26 3.64 2.35 2.01 0. 64
15.7 8~21 B, 16.34  53.65 11.14 477 830 4.02 2.35 2.67  0.63
21~35 B, 14.02 58.14 10.49 4.0 6.89 3.45 2.27 2.39 0. 64
35~46 B, 14.72  58.06  10.63 4.67 6.90 3.51 2.30 2.35 0. 63
46~ 60 C 13.90 58.59 10.50 4.65 6.65 3.40 2.27 2.82 0. 63
60~ 68 2B, 13.50 58.10 10.83 4.74 6.71 3.39 2.34 2.24 0. 60
68~179 2B, 14.25 56.26 10.77 4.70 7.52 3.64 2.33 2.33 0. 60
79~90 2Bs3 14.15 56.43 11. 00 4.74 7.41 3.37 2.38 2.18 0.59
90~ 105 2C 9.62 63.10 9.59 4.8 5.39 2.74 2.09 2.00 0.59
HPit-3 T! 0~ 16 A 14.04  57.01 10. 93 4.8 7.05 3.48 2.35 1. 89 0. 65
19 16~28 B, 17.07  54.25 10. 89 4.77 8.16 3.98 2.36 2.33 0.59
28~ 38 B, 14.07 58.89 10.43 4.66 6.65 3.43 2.26 2.27 0.61
38~62 C, 11.66  53.18 9.52 4.18 8.41 2.98 2.06 1.97 0.53
62~90 G, 14.26  57.83 10. 51 4.63 7.22 3.17 2.30 2.11 0. 60
HPit-2 Ty 0~ 14 A 15.83  54.74 10.96 4.8 7.99 3.61 2.36 1. 80 0. 65
26 14~ 36 B, 19.79 50.76  10.11 4.49 10.29 3.82 2.22 2.24 0.57
36~ 54 B, 14.13  47.27 9.50 4.21 10.45 3.43 2.03 2.04 0.53
54~173 B, 15.02  55.77 10.34 4.46 8.13 3.28 2.29 2.18 0.57
73~93 G, 13.67  56.23 10. 25 4.38 7.79 3.05 2.24 2.02 0.57
93~110 G, 11.78  56.51 9.78 4.18 7.67 2.80 2.14 1.93 0. 56
110~ 125 G, 9.22 64.42 9.98 4.53 5.75 2.67 2.16 2.07 0.57
HPit-6 Ts 0~ 14 A 14. 11 58. 11 10. 67 4.74 6.67 3.40 2.26 2.32 0. 65
38 14~ 28 B; 14. 01 58. 62 10. 40 4.3 6.97 3.83 2.26 2. 60 0.57
28~39 B, 17.18  56.39 9.69 4.40 8.21 3.22 2.06 2.70 0.55
39~49 B; 9.79  63.31 9.62 4.26 5.42 2.75 2.05 2.14 0.57
49~175 C 9.03 64.26 8.72 4.0 5.52 2.34 1.90 1. 86 0.53
75~ 89 G, 11.32  59.00 9.82 4.25 6.69 2.80 2.13 2.01 0.57
89~110 C; 15.40 56.44  10.98 4.4 6.98 2.17 2.44 2.62 0.52

* Analyzers: Sun Zhong and Jia Huilan of Lanzhou Desert Research Institute Chinese A cademy of Sciences
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3 The Quantitative Evolution Relationship between Chemical Properties and Devel opment Age
of Soil

As stated above, many soil features are related , 4 7c

+
with the age of development, including quite a num-
ber of chemical components, e. g. CaCO3, secondary **]
gypsum, etc., usually increasing with the age of de- , |

+

velopment. Statistical correlations exist between the

. 10+ 1
age of development and the content of chemical com- Tz
ponents. Therefore, regression equations can be used _ __ Peroenuage content (%)
3 10 5 »
to undertake a quantitative description of their rela- pi; 3 Changes of the contents of CaO and CaCOsin
tionship. the soils with time.
In the chemical components analyzed, the rela- 1 Ca0 (maximum content in each profile);

tions between contents of CaO and CaCO3 and devel- 2 CaCO5(maximum content in the horizon B)

| T(ka) opment age were the closest, and the contents of both clearly
40+ I increase with time. Considering that there is correlation be-
, tween the contents of CaO and CaCO3 in soll in arid and semi-
30 arid regions, the content of CaCO3 was of marked characteris-
o/ tic significance with regard to the degree of soil development.
20 For this reason we chose only CaCOs3 for statistical analysis

/_ and regression equation establishment.

3.1 CaCO3 Content-age Regression Equation

101 I Scatter diagram was drawn according to the contents of
'/ CaCOj3 in Table 2 (the maximum value in horizon B of all
0 l::wenme con;e;:_pmfﬂes) and the years of formation for terraces on which the

) , . soil profiles were located. From Figure 3 it may be seen that
Fig. 4 Change of Na,O content (maximum

contentin each profik) in the wils the great majority of data are almost on a straight line, except

with time. one datum being abandoned for its great dispersion. Computa-
tion reveals that the content of CaCO3 and the age of development conformed to linear regulari-
ties. A linear regression equation with one unknown quantity was obtained;

Y =—37.36 1+ 3.254X (1
where Y stands for age in 10° years and X for the percentage

of CaCOs3. From formula r= Ixy /Ixxlyy we obtained the

[y

Percentage contenr
10 15

}* (%)

l
f
/

sample correlation coefficient » = 0. 997, from the check list |

we get r0.05s (3)=0.878.1t may be seen that the sample cor-,,]

relation coefficient is close to I, evidently greater than the | Y
-1
salience, and thus proves the obvious linear correlation be- b+

T (ka)

VSt s —lta

tween the content of CaCO3 and the years of development. Fig.5 Changes of the contents of Fe.0,

3.2 Regression Equation of CaCO3 Accumulation Index Val-

and AlO3in the soils with time.

ue and the Age of Development 1 Fe,0;(maximum content in each profile);
2 Al,05;(maximum content in the horizon B)
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From Table 2 and the previous sections, we know that the soil in the researched area had a
rich content of CaCO3 mainly in horizon B and mostly forming calcic accumulation horizon. In or-
der to make an objective account of this soil feature, according to the train of thought for calculat-
ing the clay accumulation index value of soil profile of Levine et al. (1982) we advanced that a
CaCO3 accumulation index value can be used to represent the degree of horizon B or calcic horizon
development. Using X to stand for the index value, the method of calculation for each soil profile
is as follows:

X= D[ (B,— G)X H
where Ba stands for CaCO3 content (%) in horizon B, C3 is CaCO3 content (%) in horizon C1,
and H is the thickness of the horizon B (¢cm). When the CaCO3 content of the maximum CaCOj3
content subhorizon in B horizon exceeds that of its underneath subhorizon by more than 5%, Cs
takes the average of CaCO3 contents in subhorizon G and in the bottom subhorizon of horizon B.

The CaCO3 accumulation index values of all soil profiles at the mouth of the Heihe river are listed
in the Table 3.

Table 3 Data of ages and CaCO3 accumulation index values of the soil profiles

Soil profiles HPit-4 HPit-5 HPit-1 HPit-3 HPit-2 HPit-6
Location and terrace T, T, T, T! T, Ts
ages of formation/ ka 5 12.25+0. 35 15.69=+0. 16 19 26+1 38+3

A ccumulation
41.5 65.25 73.6 89. 02 116. 12 149. 87

index values

A diagram (Fig. 6) was drawn according to the data of CaCO3 accum ulation index values and
terrace formation agesin Table 3, showing a very good linear relation betw een both and for all da-
ta almost to be on the same straight line. One linear ( ¥ = a+ bX ) and two logarithmic ( ¥ =
a+blogX) andlogY = a—+ b logX ) models were chosen in calculation to contrast and deter-
mine the degree of fitness betw een different regression equations and actual data. Three calculated

equations are:

Linear:; Y =—7.19+0.298 X 2
Logarithmic: Y =—91. 689+ 58.01log X 3)
log Y =— 1.748+ 1. 545log X )

whose correlation coefficients are respectively 0.998, 0.980 and 0.992, of them the correlation de-

gree of equation (2) is the highest, that of equation (4) is higher 70w

and that of equation (3) is the lowest, but all higher than the ,/|

levels of significance tests (See Table 4). 20
From what has been discussed above, it can be seen that the ]

accumulation index value of CaCOs3 is better correlated with the Accumulation index
pii] 40 60 80 100 120 140 160

age of soil development than its pure content value.

3.3 Verification Analysis Fig. 6 The variation of the CaCO4

Four regression equations w ere obtained in the calculation of accumulation index values in

the content and the accumulation index value of CaCO3 relating the soil profiles with time.
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to the age of soil development, of which two are linear and the rest two are logarithmic. The equa-
tions as well as their correlation coefficients and verification are listed in Table 4.

Table 5 lists the results of verification for the four equations. The actual dating and the calcu-
lated ages as well as their errors are given in this table. From Table 4 and Table 5 it may be seen
that among the four equations, (1) and (2) are in best agreement with the actual data, having
high correlation coefficients and very small errors which shows the marked relevance betw een the
content (or the accumulation index) of CaCO3 in soil and development age. In addition, equation
(4) is still sensible in spite of a few big errors which are basically limited within the same order of
magnitude with the error of actual dating. Therefore, the three equations above may be classified
into preliminary quantitative formulae in actual dating work. Semi-logarithmic equation (3) proves

to be afailure and therefore not to be applied.

Table 4 Regression equations relating the content and the accumulation index value of

Ca(C0; in soil to soil age

Correlation
. . Correlation .

Chemical Regression coefficient

No. Model . coefficient . .
components equation verification

r

(G379

1 CaCo, Linear Y=—37.36+3.254X 0. 97 0. 878

2 CaCO;, Linear Y=—7.19+0.298X 0. 98 0. 811

Semf
3 A ccumulation Y=—091 689+ 58. 0llogX 0. 980 0.811
logarithmic
4 index Logarithmic ~ log Y= —1. 748+ 1. 545log X 0. 92 0.811

Table 5 Contrasts between the ages calculated by the regression equations
and the actual dating ages

Soil profile HPit-4 HPit-5 HPit-1 HPit-3 H Pit-2 HPit-6
Location T, T, Ts Ti Ty Ts
Ages determined by
5.0 12.25+0.35 15.69+0. 16 19.0 26.0+1 38.0+3
¥C, TL and SI/ ka
Ages calculated
5.6 11. 8 15. 8 18.2 27.0 —
by formula 1
Error +0.6 —0.5 +0.1 —038 +1.0 —
Ages calculated
5.2 12.3 14.7 19.3 27.4 37.5
by formula 2
Error +0.2 +0.1 —0.9 +0.3 +1.4 —0.5
Ages calculated
2.2 13.6 16. 6 21. 4 28.1 34.5
by formula 3
Error —2.8 +1.3 +0.9 +24 +2.1 —3.5
Ages calculated
5.6 11. 4 14. 1 183 27.17 41.1
by formula 4

Error +0.6 —0.9 — 1.6 —07 +1.7 +3.1
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4 Conclusions

From what we have studied above, it can be concluded that in the piedmont area of the Mt.
Yumushan with arid and semi-arid climatic conditions, the content of CaCO3 in soil and the years
of soil development bear remarkable positive correlations, and the accumulation index value of Ca-

CO3 has higher correlation with the age of development than its pure content value, which may
more objectively reflect the development degree of soil profiles. Of the four quantitative equations
established above, three ((1), 2) and (4) in Table 4) are in good agreement with actual data,
which are practicable for actual dating of active structures and late Quaternary geomorphologic
surfaces in the same kind of regions. The application and further improvement of these equations
may help determine the best formula thereof.
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