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Detecting thin layer by the use of different seismic
geophones and special processing technique at an
archaeological site in southeastern China
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BracTuBOCTI reooHIB € BaXKTMBUMU dhakTopamMu Mig 4ac CENCMIYHUX OOCHIIKEHHSIX | CYyTTEBO
BMMMBAOTh Ha SIKICTb AaHMX. Po3rnsiHyTo npobnemMy oTpnmaHHs Ta 06pobku cencMivHmnx gaHnx
Onsi ekcTpemarnbHo Hernnbokmnx 06’ekTiB. OLiHEHO 3aCTOCOBHICTb Pi3HUX CENCMIYHUX FTEOOHIB i
MeToAMK 06pobKM AN BUSBNEHHS TOHKOIO I'PYHTOBOIO LWapy NOTYXHICTIO 6nn3bko 20 cM Ha rnu-
BuHi 6nn3bko 2 M Ha apxeonoriyHomy 06’exTi JIaHmky y MNiBaeHHo-CxigHomy Kutai. HaBegeHo
CeNCMiYHi AaHi, SKi OTPUMaHO i3 3aCTOCYBaHHAM OBOX TUMIB re0OHIB: HOPMarnbHUX 3 Pi3HUMU
NPUPOAHMMN HYacTOTaMu, BCTaBIEHUX Y I'PYHT; TaKuMX, WO BYKCYOTbLCA Ha TPOCI | KOHTaKTYOTh i3
3eMHoI0 noBepxHeto. KombiHauis 4acToTHUX nepesar 4BOX Pi3HUX TUMIB reodOoHIB Mae po3Lwmnpu-
TV e(PEKTUBHY LLUMPUHY CMYTN YacTOT OTPMMaHUX AaHnx. Po3pobneHo MeTo 4acTKOBOIO y3rogKe-
HOro piNbTPYBaHHS YacTOT Nig Yac 06pobkM AaHMX, WO Aae 3MOTy NOMinLyBaTh PO3AiNeHHs cenc-
MiYHUX BigobpaxeHnx gaHux. MNokasaHo, Wo Ans BUSBNEHHS TOHKOTO LWapy y3romkeHe instpy-
BaHHS € e(pekTUBHILLMM MOPIBHAHO 3 BypiHHAM Ta 3aCTOCYBaHHAM iHLLNX reodi3nyHUX MeToiB.

Knro4yoBi cnoBa: TOHKWI Wap, CeNCMiYHi reodoHu, kabenbHi reooHW, YaCTKOBE Y3roaXeHe

iNbTPYBaHHS.

Introduction. Geophysical methods are very
useful for archaeological exploration because they
are efficient and noninvasive compared to traditional
excavation and can provide many details of subsur-
face features. The methods, which people general-
ly choose to carry out archaeological surveys inclu-
de electrical resistivity tomography (ERT) [Leucci,
Greco, 2012], ground penetrating radar (GPR) [Co-
nyers, 2004] and shallow seismology [Mahfooz et
al., 2008]. Among these methods, ERT and GPR
are most commonly applied because they are suit-
able to provide visible information efficiently at diffe-
rent depths, while seismic method is not widely us-
ed due to relatively low data acquisition efficiency
and lack of resolution compared to others. Many scho-
lars have implemented some seismic tomographic
technique to locate buried structures and tumuli [For-
te, Pipan, 2008] which only extracts the first arrival
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of all collected data. The seismic refraction has al-
so been used to locate tumuli [Tsokas et al., 1995],
to obtain background velocity and depth model [Be-
njumea et al., 2001]. However; available examples
of seismic reflection use for archaeological study
were mainly focused on the deeper part (more than
10 m), practically due to strong scattering and sur-
face wave promoted by shallow surface. In this stu-
dy we will focus our interest on the problems of ult-
ra-shallow seismic acquisition and processing by
use of different geophones and a special match fil-
tering method. High-resolution seismic exploration
does not mean high-frequency exploration, if the na-
tural frequency of a geophone is too high; not only
the low frequency is reduced, but also the effecti-
ve frequency band will fall into the non lineararea,
producing nonlinear distortion and lowering resolu-
tion [Li et al., 2009].
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A method of compensating conventional data
with special coupling equipment was efficiently us-
ed to solve the bad-coupling problem in desert are-
as [Shi et al., 2005; Tian et al., 2006]. The authors
of the article [Shen et al., 2012] has combined the
advantages of the piezoelectric geophone by use of
match filter, which efficiently broadened the band-
width of the conventional data. In the next article [Shen
et al., 2013] a case of study is presented by apply-
ing match filtering method that utilizes the high fre-
quency components of high-sensitivity geophone da-
ta to compensate for conventional geophone data.

In this research, we have tried to evaluate the ap-
plicability of seismic method to detect a thin buried
soil layer under 2 m depth. We collected data apply-
ing two kinds of geophones: normal geophones with
natural frequencies of 60 and 100 Hz and towed cab-
le geophones which can receive signal frequency up
to several hundred Hz. We applied a partial frequ-
ency match filtering method, which has improved the
bandwidth frequency by focusing the data from abo-
ve geophones in data processing, and achieved re-
sults showing the existence of the target layer.

The study area and previous geophysi-
cal work. The study area, called Liangzhu archa-
eology site, is located at north of Hangzhou city,
Zhejiang Province, southeast China (Fig. 1). Histo-
rically it was a stretch of an ocean bay, which gradu-
ally piled up towards a large stretch of fertile plain.
It is famous for Neolithic jade culture, and represents
one of the earliest Chinese settlements, where the
Liangzhu Culture flourished, the richest and most
vivid civilization in China.

The Liangzhu Culture developed about 5400—
4300 years ago, but suddenly disappeared from
the Taihu Lake area about 4200 years ago when it
reached its peak. In 1930 s the archaeologists dis-

covered the first evidences of prehistoric culture and
many jade, silk, ivory and pottery objects at Liang-
zhu. The first archaeological excavation was perfor-
med by Xingeng Shiin 1936 [Shi, 1938]. The suc-
cessive excavations proved that such culture had
advanced handicraft and agricultural skills, includ-
ing jade and pottery processing, irrigation, paddy
rice cultivation and aquaculture. Moreover, rammed
earth remains of the ancient city wall, 40 to 60 m
length, were discovered at the Liangzhu site in 2007.
The total area of the ancient city was 2,900,000 m?,
and the site was considered as the center of the Li-
angzhu culture.

The study area is located at southeastern side
of Mojiaoshan in the center of ancient Liangzhu ci-
ty, an artificial rammed earth platform, in which that
has been recognized as possible remains of pre-
historic buildings and palace [Zhao, 2001]. The di-
mension of the platform is about 670 and 450 min
E-W and N-S directions respectively. It is partially
covered by cultural layers of different periods, main-
ly including modern agricultural soil and sandy soil
of the Han Dynasty (about 2000 years ago). A pe-
ach orchard presently covers the area. The thick-
ness of the Neolithic rammed earth layer is about
10 m and a burnt soil layer with mixed ash and cha-
rcoal powder has just been found in the study area,
buried 2 m more or less below the surface. The pos-
sible origin of the layer could be an ancient fire di-
saster or worship activities, but it is not clear yet.

Previous GPR studies provided a limited amount
of useful information about the buried prehistoric
cultural heritage of the Liangzhu Site, due to the ef-
fect of water saturated clay-rich soils. Experiments
performed with different antennas hardly imaged a
two meter deep layer of stones, with average thick-
ness about 20 cm.

Fig. 1. A map of Liangzhu archaeology site location.
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Data acquisition. In this study we collected
the data with two kinds of geophones. One is the
normal geophone with natural frequency of 60 and
100 Hz, the other one is towed cable geophone with
frequency bandwidth of 20 Hz to 16 KHz, 24 chan-
nels, 50 m cable length, water proofed above 15 m
and pulled away along the survey line.

Normal geophones should be inserted into the
ground (Fig. 2, a) and connected to the seismic cab-
le by hand, while the cable geophones are working
as a set on the earth surface. Every geophone on
the cable is pressed by a small yellow bag filled with
soil or sand (Fig. 2, b) to be coupled to the surfa-
ce. We applied a 24-channel seismograph (Fig. 2, b)
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Fig. 2. Field work of normal geophones (a), field work of cable geophones (b), data acquisition
by normal geophones (c), data acquisition by cable geophones (d).
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connected to a hammer source (Fig. 2, a), and ac-
complished line data acquisition in the way of CDP
reflection survey. Because the research targetis a
thin layer spreading horizontally in the study area;
we chose geophone spacing and offset both in 0,5 m,
and the shot spacing was 1 m.

For normal geophones, when we move to the
next shot, we have to take the first two geophones
to the end (Fig. 2, ¢), and reconnect them with the
seismic cable. However, for cable geophones, we on-
ly need to drag the cable forward and the whole ar-
ray will move together (Fig. 2, d), which takes much
less time and physical manpower.

Data processing. After data acquisition, we
ap-plied the following processing flow on seismic
raw records:

— data editing,

—trace equalization,

—frequency analysis,

—time gain,

— fKfiltering,

— velocity analysis,

—NMO,

— stacking.

The natural frequency of any geophone is the
lower limit of recording bandwidth in the geophone
transfer function. Therefore use of geophones of dif-
ferent natural frequencies can only change the low
cut signal frequency for 60 Hz, 100 Hz and cable
geophones. It was also found that each geophone
has advantage on typical period of frequency (Fig.
3, a). Although the amplitude of cable geophone is
much smaller than of normal geophones, we think
frequency bandwidth has an important effect on re-
solution. We have noted that the frequency of the
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cable geophones from 100 to 300 Hz are not good
as of normal geophones; so we designed a partial fre-
quency match filter to combine the advantages of
these geophones in frequencies. Thus we will ob-
tain a seismic wave form with a broader frequency
bandwidth and higher resolution as shown in Fig.
3, b. We choose the relative amplitude as a para-
meter and set the match filter for cable geophone
as in Equation (1).

We get the ideal output y (t) from the following
method:

Xp(f) Xq(F)>X5 () & Xy () >X5(f),
X2 () Xa(f)>Xq(f) & X5 (1) >X5(f),
X3(f) X3(f)>Xy(f) & X3 (f)>X3(f).

(1

Where Y (), X, (f), X5 (f), X5 (f) arethe
FFT of y (1), x; (t), X5 (1), X3 (1), and x, (1),
X5 (1), X3 (t) are partial frequency match filter
operator. Then the match filter is designed as fol-

lows: y (1) = x5 (t) * f(t). @)
Then we get
F(F)=Y(f)/X5(f).

Y(f)=

@)
According to Equation (1), we get
X1 (F) I X3(F)
X ()1 X3(f).
1

F(f)= @)

Where X, (f) and X, (f) are complexquan-
tities. Since we only want to make complement on
amplitude, we take the modulus of F (f):
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Fig. 3. Relative amplitude spectra: a — of 60 Hz, 100 Hz and cable geophones,
b — before and after filtering for cable.
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Fo (F)=[F(f)]. ©)

Then we apply the filter to the raw records, and
going through the same data processing flow des-
cribed above for comparison.

Results. The following Fig. 4 demonstrates the
stack profiles for 60 Hz, 100 Hz geophones and cab-
le geophones respectively. We can observe that the-
re are mainly two layers which are marked blue and
red in all profiles, the red one is representing the thin
bed which is our target layer while the blue one is
representing the bottom of the artificial hill.

In Fig. 4, a the stack profile for 60 Hz geophones
shows the thin layer more clearly than other even
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cable geophones, after applying the filter, resoluti-
on of the thin layer is not good, comparing with the
cable geophones. As for the stack profile of 100 Hz
geophone in Fig. 4, ¢, a bottom layer could not be
seen clearly due to lack of penetrating energy, as
well as after applying the filter (Fig. 4, d).

Although the response of 100 Hz geophones has
some high frequency components than others; the-
re were lacks of flat and wide bandwidth frequencies,
whereas those of the cable geophone were clearer.

Fig. 4, f shows improvement of the resolution
after applying match filtering for cable geophones
and shows more details in the first 20 ms period, we
can get more information about the thin bed.
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Fig. 4. Stack profiles from: a — raw data of 60Hz geophone for line 2; b — 60 Hz geophone after
match filtering for line 2; ¢ — raw data of 100 Hz geophone for line 1; d — 100 Hz geophone after
match filtering for line 1; e — raw data of cable geophone for line 2; f — cable geophone after

match filtering for line 2.
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Fig. 5 is the amplitude spectrum of Fig. 4. There  for applying the filter. Much higher and bigger fre-
are some higher frequencies components existed quency components were presented in Fig. 4, fby
from 100 Hz up to 300 Hz which construct a base the cable geophones, the band width of frequency

Amplitude

af 1000 150 0@ 250 300 350 400 a0 100 150 2y A0 3nD 30 L Hz
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Fig. 5. Relative amplitude spectrum from: a — raw data of 60 Hz geophone for line 2; b — 60 Hz geophone
after match filtering for line 2; ¢ — raw data of 100 Hz geophone for line 1; d — 100 Hz geophone after match
filtering for line 1; e — raw data of cable geophone for line 2; f — cable geophone after match filtering for line 2.
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reach to about 380 Hz after applied partial match
filter as shown in Fig. 5, e. This broader range is the
reason why the normal geophones did not perform
well due to limitation in bandwidth; it loses high-fre-
quency data. The peak frequency recorded by the nor-
mal and cable geophone method was approximately
50—60 Hz as shown in Fig. 5. The bandwidth frequ-
ency of cable geophone was broader than the band-
width frequency of the normal geophone, therefore
we get more accurate figure of the subsurface with
the cable geophone obviously after applying the par-
tial frequency mach filter as shown in Fig. 4, e.
The generally accepted threshold for vertical re-
solution of a layer is a quarter of the dominant wa-
velength. A layer is called an ultra-thin layer when,
A/d>4[Widess, 1973], where A is the dominant wa-
velength within the layer and d is the layer thick-
ness. The maximum requency of the amplitude spec-
trumin Fig. 5, e is about 385 Hz which defined the
tuning thickness. The seismic frequency band incre-
ases, the tuning thickness will decrease in our case
as the velocity of the thin layer is about 350 m/s,
and the thickness of the bed is about 20 cm that just
satisfies the criterion for the resolution of a thin bed.
Moreover; we have done some drilling work as
reference to our seismic result, by the use of our tra-

ditional Luoyang Spade, a very popular tool for ar-
chaeological exploration in China. The study area
is on top of an artificial hill, making the water level
deeper, we were able to drill 2,4 m going through
the thin layer as shown in Fig. 6, we choose the place
of drilling on the point that crosses our seismic sur-
vey line with the attribute technique of GPR survey
line by Zhao [Zhao et al., 2015], to be used for com-
paring our result with GPR results as shown in Fig. 7.

We measured the ultrasonic wave velocity of the
core samples in the field soon after the drilling, to
limit variations of moisture content and to ensure
the reliability of the measured value with a machine
dividing the radius of the spade (2,5 cm) by wave pas-
sing time as shown in Table.

From stacking profile we cannot see A and B
layers because actually no significant differences
of acoustic impedances between A and B, where-
as layer D has much contrast between C and D,
and between D and E. The reflection from the boun-
dary between B and Cis coincident with the direct
waves in time which were muted unfortunately.

According to [Zhao et al., 2015], they calculat-
ed the instantaneous phase of the GPR data ob-
tained with different configurations to focus on the
buried layer and enhance the performance in tar-
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Fig. 6.Velocity measurements based on drilling results.
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Fig. 7. Location map of seismic and GPR survey lines.

Wave velocity measured on soil samples of

get detection. The use of the local standard devia-

drill 3 tions, based on the instantaneous phase attribute
. to make the interpretation easier and more con-
Layer Depth, cm | Time, us VelO/Clth strained is shown in Fig. 8. Such geometrical attri-
m/s bute can improve the interpretation by emphasizing
A 20—30 115 217 the contan|ty_ and dlscont|ny|ty properties by enhan-

cing the attainable resolution.
30—60 95 263 The present work demonstrates that a proper
60—70 9 270 combination of data acquisition and processing
analysis techniques for both GPR [Zhao et al., 2015]
70—80 106 236 and seismic can overcome the limits of standard
c 80—100 60 417 GPR and seismic technlques and successfully ima-
ge low-contrast and thin cultural targets such as con-
100—130 50 500 tacts between clayey soils and rammed sandy so-
130—150 55 455 ils, whlqh are sqbsurface conditions frequently met

at prehistoric sites.
150—180 46 543 Conclusion. We tried different geophones and
D 180—200 70 357 procesging techniques_ to gvaluate th_e effect o_f high
resolution shallow seismic exploration applied to
200—220 46 543 detect athin soil layer at an archaeological site. The
290—240 45 556 broader frequency bandwidth is one of the advanta-
ges of the use of cable geophones, which can obvi-
Selsmic drilling GPR drilling

e

s g

52

Distlance, cm

Fig. 8. GPR interpretation of the section reported correlated with
drilling results (revised after [Zhao et al., 2015]).
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ously increase data acquisition efficiency, and also
improves resolution espe-cially for the shallow part
after apply-ing the partial frequency filter. The ap-pli-
cation of partial frequency match filtering on the fi-
eld data shows that this method sufficiently com-
bines the advantages of different kind of geophones,

effectively widens the bandwidth and improves the
quality of the acquired seismic data. And also the
cable geophone speeds up the acquisition system
instead of planting geophones, connected to the gro-
und, therefore this new technique can replace the
normal geophone use.

Detecting thin layer by using different seismic geophones
and special processing technique at an archaeological site

in southeastern China

© A. Lizan, G. Tian, Y. Wang, R. Chen, S. Ali, H. Liu, 2015

The properties of geophones are important factors for high-resolution seismic exploration
and have great influence on data quality. In this study we will address the problems of ultra-
shallow seismic data acquisition and processing. The purpose of our study is to evaluate the
applicability of using different seismic geophones and processing techniques, to detect a thin
soil layer about 20 cm in thickness under the depth of about 2 m in Liangzhu archaeological site,
Southeastern China. We have collected seismic data with two kinds of geophones, normal geo-
phones with different natural frequencies inserted into the ground, and towable cable geopho-
nes contacting the earth surface. We considered combining the frequency advantages of these
two different kinds of geophones to broaden the effective bandwidth of the acquired data. To
achieve this, we designed a partial frequency match filtering method in data processing which
helps to improve the resolution of seismic reflected data. The result of stacking profiles shows
that match filtering is effective in detecting a thin layer compared with drilling samples and other

geophysical works.

Key words: thin layer; seismic geophones; cable geophones; partial frequency match filtering.
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