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Abstract In this study, grain-size of 507 bulk samples from the QA-I Miocene loess-soil sequence
at Qinan were analyzed, and the grain-size features are compared with those of typical Quaternary
loess and soil samples, representative lacustrine and fluvial samples. The results indicate that the
grain-size distribution pattern of the Miocene loess is essentially similar to that of Quaternary loess,
but greatly differs from the lacustrine and fluvial sediments. Loess layers are regularly coarser than
soil layers, indicating cyclical climate changes. Median grain-size along the 253.1 m sequence varies
from 6 to 13 um and the >63 um fraction represents only 5.3% in maximum, 0.9% in average.
Long-term grain-size variations are consistent with the loess accumulation rate at Qinan and with the
eolian mass accumulation rate in the North Pacific. These features firmly indicate an eolian origin of
the studied sequence, and also reveal a coeval changes between the long-term changes of eolian
grain-size and continental aridity in the dust source regions.
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In northern China, the Quaternary loess-soil se-
quences!'! and the Hipparion Red-Earth Formation in

(276 provide a continental

the eastern Loess Plateau
climate record for the past 8 Ma. The recently reported
Miocene!”! and Pliocene!™ loess-soil sequences near
Qinan constitute an eolian record of the western Loess
Plateau from 22 to 3.5 Ma. Earlier studies”’ place the
Miocene loess deposits into the so-called Gansu Sys-
tem. Our investigations show that the Gansu System
contains indeed spatially coexisting sediments of
various origins depending on paleo-topography. Eolian
deposits were developed on highlands while waterlain
deposits were formed within the depressions. The
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eolian sequences of Miocene age reported in the recent

years from Qinan'”, Miziwan'” and from the high
suggest a wide-spread nature.

terraces near Xining[”]
This is also supported by the recent geochemical ap-
proaches showing that a significant proportion of the
fine sediments within the lacustrine basins in the re-
gion was also derived from eolian dust materials!'.
Up to date, the eolian origin of these pre-Quarter-
nary loess deposits have been demonstrated by their
geochemical properties’*, the numerous paleosols'”*),
the abundant land-snails and the lack of aquatic speci-
egl13:14] 7151 pa-
tially correlative stratigraphy and magnetic suscepti-

, morphology and grain-size of quartz
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bility!'®). However, systematic grain-size data have not
yet been reported, which are of particular values for

addressing the origin of the deposits''® ') and their

[20—24]

paleoclimate significance . These are the main

aims of the present report.

1 Materials and methods

The studied QA-I section (105°27'E, 35°02'N) is
253.1 m thick and is located 27 km northwest of Qinan
City, Gansu Province!”\. In this study, grain-sizes of
507 bulk samples at 50 cm intervals were analyzed. 10
loess and 9 soil samples of Quaternary age from the
Xifeng site, 5 lacustrine samples from the Haiziping
section™! in Luding county, Sichuan Province, and 8
fluvial samples from the lower portion of the
Xuancheng section[26], Anhui Province, were also
analyzed for comparison. Samples were pretreated
with hydrogen peroxide (H,O,) to remove the organic
matter, then with hydrochloric acid (HCI) to remove
the carbonates, and with sodium hexametaphos-
phate((NaPO;) ¢) for dispersion. Grain-size was de-
termined using a Malvern Mastersizer 2000 particle

analyzer with an analytical precision <1%.

2 Comparison of grain-size distributions of the
Miocene loess, Quaternary loess, lacustrine and
fluvial sediments

2.1 Grain-size distribution

Fig. 1(a), (b) and (c) illustrate the grain-size distri-
butions of representative loess and soil samples from
different depths of the QA-I section. The distributions
are bimodal, with the silty fraction being dominant.
The > 63 um fraction represents a small amount.
These are essentially similar to the grain-size distribu-
tions of the Quaternary loess (Fig. 1(d)), but differ
from the multimodal patterns of the lacustrine (Fig.
1(e)) and fluvial (Fig. 1(f)) samples. Similar to the
Quaternary loess-soil sequences (Fig. 1(d)), loess lay-
ers in the Miocene sequence are also regularly coarser
than the soil layers (Fig. 1(a)—(c)), indicating colder-
drier climate conditions for loess and warm-humid
conditions for soils, as is the case for the Quaternary

. 2
loess-soil sequences!*.
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Fig. 1. Grain-size distribution curves of the Miocene and Quaternary
loess and soil, lacustrine and fluvial samples. (a)—(c) Miocene loess
and soil samples from the upper, middle and lower parts of the QA-I
section, respectively (solid lines for loess samples and dotted lines for
soil samples); (d) Quaternary loess and soil samples (solid lines for
loess samples and dotted lines for soil samples); (e) lacustrine samples;
(f) fluvial samples.

2.2 Grain-size parameters

Grain-size parameters are indicative of sedimentary
environments and dynamical conditions®”**. We cal-
culate the values of mean, mean square deviation
(MSD), skewness and kurtosis using the following

equations’;

— 1 n
Mean X=—> f;X,, 1
1oo§f’ ’ M
MSD o= LZ(X -X) 2)

1005\ o

Skewness 520-73L 3 (Xi_})3f;’ 3)

100 5

. 1 & — 4

Kurtosis K=0"*—Y(X,-X]) f. 4
1002( ) @

X; and f; are the median grain-size and the content
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of the fraction i. Comparisons of the grain-size pa-
rameters of the Miocene loess and soil samples, Qua-
ternary loess and soil samples, the lacustrine and flu-
vial samples are shown in Fig. 2. The mean grain-size
of the Miocene loess falls between 7.2¢0 and 6.5¢
(6.8—11.0 um), comparable to Quaternary soil sam-
ples, but finer than for Quaternary loess samples. The
MSD values of Miocene and Quaternary loess are
similar, but greatly differ from those of the lacustrine
and fluvial samples, indicating a much better sorting
and relatively stable depositional dynamics, character-
istic of eolian dust deposits. Both Miocene and Qua-
ternary loess and soil samples are positively skewed
although the skewness values of the Miocene loess
and soil samples are smaller than for the Quaternary
loess and soil samples. The skewness values of the
lacustrine samples are much larger. The kurtosis val-
ues of the Miocene loess and soil samples are close to
those of the Quaternary loess and soil samples, smaller
than for the lacustrine samples.
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Fig. 2. Comparison of grain-size parameters for the Miocene loess (a)

and soil (b) samples, Quaternary loess (¢) and soil (d) samples, lacus-
trine (e) and fluvial (f) samples.

Although each grain-size parameter is dynamically
significant, interpretation of sedimentary environments
must be based on comprehensive analyses of the pa-
rameters. For this purpose, composite plots of mean,
MSD, skewness and kurtosis are frequently used in
sedimentological studies'®".
the composite plots showed a great similarity between

Earlier comparisons of

the late Miocene-Pliocene Red-Earth and the Quater-
nary loess and soil samples while those for lacustrine
and fluvial sediments are quite different!'®'"). Fig. 3
shows that the composite plots of the Miocene loess
and soil samples are essentially comparable to those of
the Quaternary loess and soil samples, but obviously
different from the lacustrine and fluvial samples, sup-
porting an eolian origin of the Miocene samples.

2.3 QI-Md-03 plots

The Q1-Md-Q3 plots are used!'” to separate sam-
ples of various depositional environments, in which
Q1 and Q3 represent the grain-size corresponding to
the cumulative contents of 75% and 25%, respectively.
The Q1-Md-Q3 plots of the studied samples are shown
in Fig. 4. The plots for the Miocene loess and soil
samples are highly similar to those of the Quaternary
loess and soil samples, but quite different from those
of the lacustrine and fluvial sediments.

2.4 C-M plots

C-M plots are also frequently used to determine the
sedimentary environments'®'**’) in which C and M
represent the grain-size corresponding to the cumula-
tive contents of 1% and 50% respectively. The C-M
plots for the studied samples are shown in Fig. 5. The
Miocene and Quaternary loess and soil samples are
much closer and concentrated in the C-M pots (Fig. 5)
within a belt roughly in parallel with the C-M baseline.
Quaternary loess samples are coarser than for the
Miocene samples. On the contrary, the plots for the
lacustrine and fluvial samples are highly different
from these eolian samples.

2.5 Empirical judgment

Empirical judgment is a statistical method to dis-
criminate sediments of different sedimentary envi-
ronments. In this study, the following equationDO] is

used:

Y =3.5688 M, +3.7016 o, —2.0766 K,
+3.1135 K. O]

The equation defines an index Y to discern sedi-
mentary environments, in which M., g5, Kz, K are
mean, MSD, skewness and kurtosis, respectively.

According to Sahu®, the Y-values of eolian depos-
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Fig. 3.

Statistical parameters of grain-size distribution plots of the Miocene and Quaternary loess and soil, lacustrine and fluvial samples. V', Mio-

cene loess; [J, Miocene soil; A\, Quaternary loess; +, Quaternary soil; O, lacustrine sediment; A, fluvial sediment.
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Fig. 4. Q1-Md-Q3 plots of the Miocene and Quaternary loess and soil, lacustrine and fluvial sediments. V, Grain-size corresponding to the cumula-

tive content of 75% (Q1); /\, grain-size corresponding to the cumulative content of 25% (Q3); <, median grain-size (Md).

its using this equation should be smaller than —2.7411.
Fig. 6 shows that both the Miocene and Quaternary
loess and soil samples are quite similar and fall into
this range. Another prominent features of the Y-values
for these eolian samples are the small variability, at-
tributable to relatively stable dynamics. On the con-
trary, fluvial and lacustrine samples usually show

much larger ranges of Y-values due to the instability of
sedimentary dynamics (Fig. 6). The studied fluvial
samples yield negative values while some other fluvial
samples may yield positive values''™'”. The much
closer Y-values of the Miocene loess samples to those
of the Quaternary loess, as well as their much narrow
ranges strongly support an eolian origin.
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Fig. 5.
trine and fluvial sediments. V', Miocene loess; [J, Miocene soil; A\,

C-Mplots of the Miocene and Quaternary loess and soil, lacus-

Quaternary loess; +, Quaternary soil; O, lacustrine sediment; A, fluvial
sediment.

2.6  Grain-size variations along the QA-I sequence

Variations of the median grain-size (Md) and the
content of different size fractions in the QA-I sequence
are shown in Fig. 7. For all the analyzed samples, me-
dian grain-size varies from 6 to 13 um. The content of
the >63 um fraction accounts for 5.3% in maximum
and represents only 0.9% in average. For a thick se-
quence of 253.1 m with a time span of about 16 Ma,
these homogeneous grain-size variations must require
exceptional stable sedimentary dynamics and are in-
deed only explainable by eolian dust deposits. Al-

though the presence of larger quartz grains (up to 1—2
mm) were noted during field descriptions within a few
layers at the lower parts of the outcrops, they were not
detected in this study because of their extremely
scarce occurrence. This feature, usually observable in
Quaternary loess sections over terraces, is attributable
to local wind deflation or rain-splash transportation
from the nearby highlands.

3 Long-term variations of grain-size and com-
parison with marine eolian records

In the studies of eolian deposits in northern China,
grain-size is usually used as a proxy of the winter
monsoon intensity, and loess accumulation rate is
thought to be an indicator of aridity in the dust source
regions””.. Later studies on the Quaternary loess-soil
sequence™! and the Hipparion Red-Earth™ revealed
that the variations of grain-size and accumulation rate
are mostly coeval at over-orbital timescales.

Fig. 8 shows that the variations of grain-size (Fig.
8(a)) and accumulation rate (Fig. 8(b)) in the QA-I
section are also approximately coeval, with coarser
grain-size and higher accumulation rate for the inter-
vals of 21.3—20.2 Ma, 16.0—13.3 Ma and 8.7—6.9
Ma. The peak of higher accumulation rate around 8
Ma has a clear counterpart in the records of eolian
mass accumulation rate at Site 885/886 in the North
Pacific®¥. Because eolian accumulation rate in both
marine and terrestrial records are considered an indi-
cation of aridity in the dust source areas””**), we be-
lieve that the Miocene eolian grain-size bears strong
signals of continental aridity changes.
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Fig. 6.

Y-values of the grain-size distributions for the studied samples.
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Variations of grain-size (a) and loess accumulation rate (b) in the QA-I section and comparison with the eolian mass accumulation rate in the

North Pacific (c). Timescale and loess accumulation rate of QA-I are from ref. [7]. The timescale was constructed using geomagnetic boundaries as
age controls, interpolated using Kukla’s magnetic susceptibility model®. Data for eolian mass accumulation rate at Site 885/886 in the North Pacific
are from ref. [33].
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4 Conclusions

In this study, grain-size features of the QA-I Mio-
cene loess-soil sequence are addressed and compared
with those of the Quaternary loess and soil samples,
representative lacustrine and fluvial samples. The re-
sults show that grain-size parameters of the Miocene
loess and soil samples match well those of the typical
Quaternary eolian samples, but greatly differ from
those of the lacustrine and fluvial samples, as are
strongly supportive to the eolian origin of the Miocene
sequence.

For the entire 253.1 m section covering about 16
Ma, the content of the >63 pum fraction accounts for
5.3% in maximum and represents only 0.9% in aver-
age. Silty fractions are constantly dominant with the
median grain-size varying from 6 to 13 pum. These
features are characteristic of eolian dust deposits.
Loess layers are regularly coarser than the soil layers
in the Miocene sequence, as is also similar to the
Quaternary loess-soil sequences, indicating cyclical
changes of climate conditions.

At over-orbital timescales, the variations of
grain-size in the Miocene loess-soil sequence are ap-
proximately coeval with loess accumulation rate. This
suggests that grain-size variations in the Miocene
loess-soil sequence are not only reflective to wind
strength, but also to the aridity in dust source areas.
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