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Abstract: Disparities between fold amplitude (A) and intrusion thickness (Hsill) are critical in 
identifying elastic or inelastic deformation in a forced fold. However, accurate measurement of these 
two parameters is challenging because of the limit in separability and detectability for the seismic 
data. In the TZ-47 exploring area from the Tarim Basin, Northwest China, we combined wireline 
data and 3-D seismic data, to accurately constrain the fold amplitude and total thickness of sills that 
inducing the roof uplift. The measurement results show that the forced fold amplitude is 155 m and 
the total sill thickness is 148.4 m. When using a magma density of 2.7 g/cm3, and solid rock density 
of 3 g/cm3, the molten magma thickness at the time of intrusion would be 153.8 m, which is almost 
no difference from the forced fold amplitude. Therefore, the TZ-47 fold is a pure elastic forced fold 
induced by emplacement of multiple sills. Measurement solely based on seismic data may not be 
able to detect some thin interlayers and may result in large errors. 
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1. Introduction 

Shallow-level sills and laccoliths are commonly accommodated by bending and uplift of the 

overlying rock and free surface [1-6]. The morphology of this “roof uplift” is considered to mimic the 

geometry of underlying intrusion(s) and is thus described as a form of “forced fold” [7]. Based on an 

elastic model, Pollard and Johnson [6] proposed that amplitude of forced folds has a simple 

relationship with the morphology of subsurface magma: when the intrusion diameter (D) to 

emplacement depth (d) ratio is >>4, the original intrusion thickness (Hsill) broadly equals the original 

amplitude (A) of the overlying forced fold (i.e., A/Hsill = 1). Therefore, measurement of ground 

deformation has been widely used in determining the shape of subsurface magma and forecasting 

volcanic hazard [8-11] . 

However, recent field, modeling and seismic interpretation studies have questioned the elastic 

model based on that the forced fold amplitude is less than the thickness of subsurface magma in 

different extent [12]. In addition to elastic uplift, inelastic space-making process can also 

accommodate intrusive magma, meaning that the extent of surface uplift may not equal to that of the 

underlying magma reservoir [13-18].  
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Therefore, accurate measurement of the disparity between intrusion thickness and forced fold 

amplitude has become a major challenge in identifying elastic and inelastic deformation in 

seismically imaged sill-fold pairs [3,19-21]. In practice, direct measuring of sill thickness in active 

volcanic systems is impossible, and so does with seismic data alone because inversion of seismic 

thickness to true thickness brings significant uncertainty and, in some instance, relies on human 

perception. Lack of precise thickness data of the overburden host rocks in seismic analysis also limits 

accurate estimation of the forced fold amplitude. 

In this contribution, we report a combined seismic (i.e., interpreted thickness) and wireline (i.e., 

true thickness) dataset beneath a magma intrusion-induced forced fold from Central Tarim Basin, 

NW China. Based on the comparison of the “true forced fold amplitude” (A) and the “true sill 

thickness” (Hsill), we show that elastic component is dominant in the deformation of a subsurface 

volcano system. 

 

2. Geological setting and data cube descriptions 

 

The Tarim Basin is an endorheic basin occupying an area of over 600,000 km2 in northwest 

China. It is bounded by the Tianshan Mountains to the north and northwest, the Altyn Mountains to 

the southeast and the Kunlun Mountains to the southwest (Fig. 1). The Taklamakan Desert dominates 

the surface of the Tarim Basin. A thick succession of Phanerozoic strata, which covers the central 

parts of the basin, locally exceeds 10 km in thickness [22]. The basement of the basin is a Precambrian 

block that is considered to be a fragment of the Rodina Supercontinent [23,24]. The Cambrian System 

consists of a succession of gray to dark gray limestone and dolomite with salt layers, which were 

deposited in an evaporative/carbonate platform environment [22]. The Ordovician carbonate system 

is predominantly composed of thick limestone and dolomites associated with an open platform. The 

Silurian and Devonian sedimentary succession primarily comprises sandstones and mudstones 

deposited in a tidal-flat environment. The Carboniferous System consists of sandstone and limestone 

with intercalated mudstone formed in marine-terrigenous facies. Strata in the Permian System are 

mainly sandstone, mudstone and volcanic lava flows in a terrigenous environment. Major 

unconformities occur at the Middle - Upper Ordovician boundary, the Silurian - Ordovician 

boundary and the Permian - Triassic boundary. 
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Fig. 1 Sketch geological map showing the spatial distribution of the early Permian Tarim flood basalt. 

Study area is shown in the map. Legend: 1, the Tarim Block; 2, desert; 3, major faults; 4, estimated distribution 

of the Tarim flood basalt. 

 

The early Permian flood basalt composes the most voluminous volcanic successions in Tarim 

basin. At outcrop, the basalts occur in the Kupukuziman Formation and the Kaipazileike Formation 

[22]. The thickness of exposed basalt lava flows is up to 780 m [25], and the maximum thickness of 

the subsurface basalts exceeds 2500 m in Northern Tarim [26] and 1100 m in Central Tarim [27]. The 

total area of the subsurface lava flows estimated by petroleum industrial drilling, physical logging 

and seismologic reflection data is over 265,600 km2 (Fig. 1). Olivine-tholeiitic basalt lava flows with 

OIB-like geochemistry erupted onto the upper Permian system at ~291-287 Ma [26,28]. The basalts 

were subsequently eroded, demarcated by an unconformity between Permian and Triassic strata.  

The TZ-47 field hosts major petroleum and gas reservoirs in the Central Tarim Fields of 

PetroChina Co. Ltd. Several major faults, including the Tazhong-1 and Tazhong-2 faults were 

surveyed by 3-D industrial seismic interpretation (Fig. 2a). Wireline data from 21 wells in the area 

have revealed the presence of thick basalt lava flows at depths of 3300–3800 m across the whole area, 

as well as subvolcanic facies and volcanic vent facies sills at the depths of 3900–4500 m [27,29]. All 

the basalts are underlain by terrestrial sandstone, siltstone, or mudstone, implying subaerial 

eruptions. Industrial drilling and seismic interpretation have revealed several central volcanoes (Fig. 

2b).  
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Fig. 2 Maps of the study area. (a) Sketch geological map of in the Central Tarim uplift showing the tectonic 

division, major faults and distribution of the Tarim flood basalt. Seismic cube in the study area is shown as 

purple rectangle in (a), which is to the northeast of the seismic cube studied in Yang et al. [27]; (b) Colour-

visualized T0-isopleth showing the surface of the Permian basalt layer and the locations of the drilling wells in 

the study area. Thick yellow lines in (b) represent the location of two seismic profiles. 

 

3. Data set and processing methods 

 

The project database consists of a 3-D seismic cube covering approximately 600 km2 in the TZ-

47 field (Fig. 2a), which is to the north of the data cube of Yang et al. [27]. Six exploration drilling 

wells which intersect basaltic lava flows or subvolcanic intrusions are shown in Fig. 2b to confirm the 
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location of the igneous layers. Data acquisition of the seismic cubes was completed by the Tarim Oil 

Field Company (TOFC), PetroChina Co. Ltd, with 20 m line spacing and a positive reflection 

coefficient represented by positive amplitude and a black peak. Seismic data were processed by 

Bureau of Geophysical Prospecting (BGP) Inc., China National Petroleum Corporation. Interpretation 

was based on analysis of the pre-stack time-migrated (PSTM) data. Well log data were also supplied 

by TOFC. The physical logging data of drilling wells were tied to the seismic data by standard 

synthetic seismogram on the “Petrel E&P" Software Platform. Logging data of well TZ47 was tied to 

the seismic data for reads of accurate depths of the basalt and two sills; horizon picking is then 

conducted automatically from these reflectors (Fig. 3). 

 
Fig 3. Seismic profile across well TZ47, illustrating the geometry, scale, and seismic expression of two 

basaltic sills in TZ47 area, and their correlations with down-well logging data. 

 

Basaltic lava flows and sill-like intrusions are typically characterized by very high-amplitude 

reflections in seismic datasets, owing to the high energy-reflection at the contacts between the basalt 

and the clastic rocks [30]. Therefore, a lava flow can be easily isolated as a “geo-body” from 

surrounding clastic rocks in a 3D seismic dataset by using opacity rendering techniques, which can 

make the surrounding host-rock transparent [30-34]. In order to obtain the best resolving power, we 

pick out the 50~80 Hz high frequency components to interpret the basaltic rocks, which have an 

average velocity of 5500 m/s. The maximum resolving power or limit of separability of this method 

equals to λ/8 [11,12], which is 8.6 m (5500 m/s ÷ 80 Hz ÷8). Therefore, we can identify sills with 

thickness around 10 m. 

During the seismic data processing, manual interpretation was combined with automated geo-

body extraction, which allows us to study the morphology and geometry of subsurface igneous sill-

dyke networks. The manual operation allows a better quality-control on the interpretation, 

particularly with the irregular distributed sill-dyke networks in clastic sedimentary rocks. 
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In conjunction with the seismic study, an integrated study of the well data, including physical 

logs, geological reports and mud logs, was carried out in order to identify the sill complexes. 

 

4. Results 

4.1. Pre-deformation thickness of the host strata 

 

A necessary prerequisite for accurate measuring of the forced fold amplitude is knowledge of 

the exact thickness of the host rocks. We use two horizon markers to examine the evenness of the 

sedimentary strata underlie the basalt layer. The upper marker is the top of the lower Permian basalt 

and the lower marker is the Upper Carboniferous “standard limestone”, which is about 1000 m below 

the basalt layer and has a stable distribution across the Tarim Basin. In petroleum exploration 

practice, this limestone reflector is named “C4” for basin-wide seismic correlations. The thickness 

between these two markers is shown as a coloured contour map in Fig. 4a. It is noted that areas subject 

to influence of faulting and volcanic doming were excluded in thickness analysis and masked by pale 

grey colour.  

In the thickness histogram (Fig. 4b), the thickness data have a mean value of 643.29 m with a 

standard deviation of 9.98 m. However, these data are bias from normal distribution because there is 

a locally high thickness (655~670 m) area in the lower right area, which is marked by a thick dashed 

red line (Fig. 4a). We compare the seismic reflectors of the basalt lava flow in this area with that from 

elsewhere and show the contrasting seismic characteristics in Fig. S1. The bottom reflector (blue one) 

of the basalt layer from the high thickness area are tuned, which means the thickness of basalt here 

has reached the tuning limit. Wells T40 and T41, which have basalt thickness of 72 m and 76 m, show 

tuning effect; while wells T39 and T35, which have basalt thickness of 52 m and 62m, show no tuning 

effect. This suggests that the tuning point should be slightly lower than 70 m, which is concordant 

with a tuning point at 25 Hz main frequency and a velocity of basalt at 5800 m/s. Therefore, we 

conclude the bias from normal distribution of the thickness data is caused by extra cumulation of 

lava flows in the lower right area, which has ~20m extra thickness according to the tuning effect of 

the basalt layer. When this area is excluded, the thickness becomes following normal distribution. 

The ~20m extra thickness of the lower right area can be easily explained by over-cumulation of lava 

flow at a down-slope area, which was resulted from the pre-eruption uplift of the Tarim flood basalt. 

The maximum vertical uplift before eruption of the Tarim flood basalt across a distance of 300 km 

has been estimated to be 887 m [35]. The dimension of the TZ-47 study area is 20-30 km, and the slope 

fluctuation can be ~60 – 90 m if the maximum vertical uplift is applied to this area, although the 

sloping in this local area seems to be less than one third of the maximum uplift sloping.  
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Fig. 4 Thickness of the sedimentary strata showing the evenness of the host rocks.  

(a) Thickness isopleth of strata from the basalt top to the "standard limestone"(C4 reflector), grey color 

indicating eliminated areas subject to sill intrusion and faulting; (b) Statistics of the thickness data. The overall 

mean value of all thickness data is 643.29 m, with a standard deviation of 9.98 m, which is biased from normal 

distribution due to the existence of overthickened area as circled by dashed red line at lower right of (a). The red 

arrow indicates the strike of seismic profile Fig. S1. 

 

4.2 Saucer-shaped sills measured by combination of wireline and seismic data 

The “sill 2” intersected by drilling well T-47 at depth of 4100 m to 4200 m (Fig. 3) is a typical 

saucer-shaped sill complex. The geo-body corresponding to the top surface of this sill is shown in 

Fig. 5, which has a high amplitude reflection and is easily extracted from the seismic cube. Thickness 

of the inner sill of this saucer can be directly read from the stratigraphic column of T-47 (Fig. 6), which 

is 100.4 m. Chip and core identifications show that this sill is a typical dolerite. It can be identified in 

the well logging curves, which is characterized by low gamma value (GR<30 API) and high resistivity 

(RD>8 ohmm) (Fig. 6). The bottom of this sill is in contact with the “standard limestone”, which has 

velocity of 6000 m/s, similar to that of the sill (5800 m/s). This makes the sill bottom reflector cannot 
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be clearly identified. We therefore interpret the reflector of the “standard limestone” as the bottom 

limit of the “sill 2”. 

Reflector of “sill 1” is intercalated with several strong reflectors, and it is difficult to extract the 

geo-body of this sill complex. At the intersection with drilling well T-47, thickness of “sill 1” reads 

62.5m.  

 
Fig. 5 Seismic geo-body of a saucer-shaped sill (“Sill 2” in Fig. 3) in three dimensions (3-D) and the location 

of drilling well T47 which intersected the saucer at depth of 4100 m-4200 m. The GR log is attached to drilling 

well T47. 
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Fig 6. Seismic profile crossing well T47 and T39.  

The bright green bars show the down-well log data of GR in time domain. The time structure difference 

of T39 and T47 at P-top is 58 ms, while that at the top of LM-B (LM-Btop) is 56ms, suggesting a morphological 

uplift of 2 ms at the volcanic center area intersected by well T47. 

 

4.3 Roof uplifting identified in seismic cube 

There are three representative drilling wells, TZ-47, TZ-39 and TZ-35, with different distance to 

the uplift center (Fig. 2b). As shown in the seismic cross section (Fig. 6), drilling well T47 at the uplift 

center intersects the Xiaohaizi limestone (LM-X), which has markedly elevation and deformation. 

Several high amplitude bodies intersected by T47 are incased in the horizontal markers, including P-

top (Permian-Triassic boundary), basalt-top (B-top), LM-S and LM-Btop. According to the down-well 

physical logging and the synthetic seismograms, the high amplitude bodies are corresponding to 7 

basaltic layers, which have thickness ranging from 1.5 m to 100.4 m (Fig. 7). The pre-eruption 

morphology informed from the shape of B-top suggests a roof uplifting above the sills at TZ47, which 

extends to a ~4km wide area (Fig 2b).  
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Drilling well TZ-39 is 2476 m to the northwest of TZ47 and is located at the margin of the 

uplifting area. The Permian sedimentary strata show little disturbance by the intrusion of the sills 

and are similar to the strata distal to uplifting center, such as well TZ35, a well 6692 m to the east of 

well TZ47 (Fig. 2b).  

 

5 Discussion 

5.1 Sill and basalt thickness estimated by seismic method 

Well T39 and well T47 are close enough but they have significant differences in velocity 

structure. The Paleozoic strata in the TZ35 column is very similar to that of TZ39 (Fig. 7); while TZ35 

is 6692 m away from the enter (Fig.2b). This great distance can guarantee that the uplifting center had 

no structural or thermal influence on the TZ35 area. Therefore, the similarity between T39 and T35 

indicate no remarkable deformation occur at these two wells. Wireline data also show that well T39 

did not intersect with any intrusions (Fig. 7), thus the column of T39 can represent the stratigraphy 

prior to the deformation induced by the emplacement of magma at the T47 uplifting center.  

 
Fig. 7 Log profile flattened along the PT boundary (P-top). Yellow color stands for volcanic rocks. Blue 

color stands for limestones, which are Xiaohaizi limestones (LM-X), Standard limestones (LM-S) and bioclastic 

limestones (LM-B), respectively. The top of bioclastic limestones (LM-B) is abbreviated as LM-Btop in the text. 

 

As shown in Fig. 4a, the thickness of host rock before emplacement of the sills is very stable. 

Therefore, the net difference between the top and bottom horizontal markers at each location after 

uplift should reflect the addition of basaltic sills, i.e., a magma intrusion-induced forced fold. 

However, the reflector of surface basalt lava flow at T47 is not so clear. We thus choose a higher 

reflector, the Permian-Triassic boundary (P-top), as the upper reference reflector to calculate the total 
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thickness of high velocity basalts, including sills and surface lava flows. The net difference between 

T39 and T47 can be calculated and correlated to the time depth section (Fig. 6) as described below: 

(1) Select Permian-Triassic boundary (P-top) as top and bioclast limestone top surface (LM-Btop) as 

bottom. LM-Btop is beneath all seven volcanic layers at the location of T47, and is not affected by the 

igneous intrusions, thus this layer is used as a reference horizontal surface.  

(2) The time difference between T39 and T47 at P-top (Δtp-top) is 58 ms, and the time difference ΔtLM-

Btop at LM-Btop is 56 ms (Fig. 6). Comparing T39 and T47, the time thickness difference Δt=Δtp-top-ΔtLM-

Btop=58-56=2 ms. 

(3) Flattening the well logging curves of T39 and T47 along the P-top, which represents a horizontal 

topography at the eruption time of the Permian flood basalt. The depth difference at LM-Btop 

between T39 and T47 can be calculated based on the logging data, which is Δh=88 m. 

(4) According to the acoustic logging data (DT), the averaged acoustic velocity of T47 at the lowest 

88 m (shown as Δh in Fig. 7) is V2=4450 m/s; the dual time difference corresponding to the depth of 

difference is Δtl=ΔhV2×2×1000= 88/4450×2×1000=40 ms. 

(5) Likewise, by using the acoustic logging curve (DT), we can obtain the average velocity between 

P-top and LM-Btop from the two different lithologies: the average velocity of clastic rock is Vlow=3500 

m/s, the average velocity of volcanic rock is Vhigh=5800 m/s. 

(6) The difference of pull-up time depth ΔtVPU due to igneous intrusions is equal to the time thickness 

difference between the two wells (obtained in step 2) minus the dual time difference corresponding 

to the depth of difference (obtained in step 4), i.e, ΔtVPU= Δtl -Δt =2-40=-38 ms. The negative number 

here represents the direction of the time difference, at the velocity pull-up (VPU) case, ΔtVPU is 

negative. 

(7) Following the VPU relationship proposed by Jackson [20], we can calculate the total thickness of 

basalt (H) by using: 

             (1) 

H here represents the seismic recovered thickness of the high-velocity basaltic layers; Vhigh, Vlow, and 

ΔtVPU are defined and obtained in steps 5 and 6.   

By using Vhigh=5800 m/s, Vlow=3500 m/s and ΔtVPU=38ms, the seismically recovered total thickness of 

the basaltic layers intersected by well T47 (H) is 167.7 m, and the total sill thickness (Hsill) at well T47 

can be obtained by subtracting the thickness of surface lava flows, which is 167.7-15.8-3.5=148.4m. 

 

5.2 Forced fold amplitude measured by wireline data  

Down-slope flowing of lava may influence the thickness of basalt piles [36]. This means basalt 

flows at the outer rim of the forced fold may experience extra accumulation of magma while that at 

the central top of the forced fold may accumulate less thickness. Therefore, we use the bottom of the 

earliest basalt lava flow to represent the surface topography before basalt eruption. This can eliminate 

the effect of down slope magma flowing. Based on the logging data shown in Fig. 7, we can calculate 

the forced fold amplitude (A) by measuring the thickness difference between well T39 and well T47 
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immediately after the forced folding. This is calculated by comparing the distances from basalt 

bottom to the bottom of LM-S at T39 and T47. Depth of basalt bottom (B-bottom) is 2572m at T-39 

and is 2402m at T47; depth of standard limestone bottom (LM-S) is 3151m at T-39 and is 3136m at 

T47. The forced fold amplitude (A) is (3136-2402) - (3151-2572) = 155m. 

5.3 Discrepancy between fold amplitude and sill thickness 

If we assume that forced folding of the overlain strata accommodates the intruded magma 

volume, the roof uplift amplitude should equal to the thickness of the intrusion [2]. However, there 

is a discrepancy that the fold amplitude (A=155m) is greater than the total sill thickness (Hsill=148.4m) 

at well T47, which is not expected in an elastic model. As for this type of discrepancy, Reeves et al. 

[11] gave three explanations: (i) the sills have a faster average interval velocity, which would increase 

the tuning limit of thin sills; (ii) the seismic velocity of the sedimentary sequence is overestimated, 

meaning that depth-converted fold amplitudes are accentuated; and/or (iii) multiple, seismically 

undetectable sills contributed to fold generation. However, in our case the sills can be detected 

directly by drilling wells and the velocities of sills and sediments can be well constrained by direct 

measurement of down-well logging data. We thus proposed another model to explain the 

discrepancy between A and Hsill. It is well-known that the molten magma has density lower than that 

of solidified rock. In the case of basalt from T47, the density of basaltic sills is 3.0 g/cm3 and the molten 

magma with the same composition is 2.7 g/cm3 [37]. During solidification, the 10% decrease of volume 

equals 3.5% decrease at one dimension. Therefore, the thickness of the intrusion when it was in the 

form of molten magma can be calculated by 148.4 / (1-3.5%) =153.8m, which is only 1.2 m difference 

from the seismic estimated up-roofing amplitude (A=155 m). This calculation suggests that the forced 

folding during intrusion of the sills was likely pure elastic. The decrease of total sill thickness during 

solidification may be compensated by uncompacting of the roof sediments, thus the original fold 

amplitude can be preserved. 

5.4 The possible source of error in seismic study of forced fold  

Most forced folding analyses are limited by the separability and detectability of seismic method, 

which is about ten meters and several tens of meters, respectively [11,38]. This means an error of up 

to several tens of meters when estimating folding amplitude. A more accurate way to constrain the 

fold amplitude and sill thickness is using drilling well data. In this study, the sills were intersected 

by several drilling wells and the lithologies are recorded by physical logging data. The concordant 

results of A and Hsill indicate that the space-making mechanism was elastic deformation. As shown 

in Fig. 7, three out of five sills have thickness ranging from 1.5 to 4.6 m, which are below the 

separability at main frequency of ~25 Hz and velocity range of 4000–7500 m/s for igneous intrusions 

[38]. In the seismic cross sections (Fig. 3 and Fig. S1), these sills are undetectable, and the folding 

amplitude (A) would be greater than the total thickness of sills (Hsill). This is demonstrated by a 

schematic cartoon shown in Fig. 8a. When a thin sedimentary stratum is interbedded with two sills 

(Fig. 8b), the seismic reflector may also be invisible if the thin sedimentary bed is below the resolving 

power. In this case the total thickness of the sills is overestimated due to the invisibility of interbedded 

sedimentary layer in the seismic cube.  
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Fig. 8 Models showing how the ratio of fold amplitude (A) and sill thickness (Hsill) is overestimated or 

underestimated. (a) Schematic showing how the occurrence of seismically undetected, thin sills within the fold 

could produce the observed upward increase in fold amplitude, and the observed A2/H would be >1, which is 

larger than the real A/Hsill; (b) Schematic showing how the occurrence of seismically undetected, thin 

sedimentary layers within sills lead to overestimation of sill thickness, and the observed A/H’ would be <1, 

which is smaller than the real A/Hsill.   

 

In summary, when we study inelastic deformation component in a sill-induced forced folding 

process, the accuracy of fold amplitude and sill thickness is highly depended on separability and 

detectability of seismic method [11, 38]. Large uncertainties may occur if there are plenty of 

interbedded thin sills or thin sedimentary layers. Wireline data may be a better choice in measuring 

these parameters.      

 

5 Conclusion 

By interpretation of 3-D seismic data and down well logging data from the TZ-47 field, we find 

out that:  

(1) Roof uplift is generated dominantly by elastic deformation induced by intrusion of the magma 

body in the TZ47 exploration area; 

(2) When simply using seismic method, we may miss some invisible sills and interbedded 

sedimentary strata, which may result in underestimation or overestimation of sill thickness, 

respectively. 

 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Seismic profile showing the increasing tuning of basalt reflector. The bottom reflector (blue one) of the basalt 

layer from the center of the study area is not tuned; while that from the high thickness area are tuned, which 

means the thickness of basalt here has reached the tuning limit. Wells T40 and T41, which have basalt thickness 

of 72 m and 76 m, show tuning effect; while wells T39 and T35, which have basalt thickness of 52 m and 62m, 

show no tuning effect. This suggests that the tuning point should be slightly lower than 70 m, which is 

concordant with a tuning point at 25 Hz main frequency and a velocity of basalt at 5800 m/s.  
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Figure S1: Seismic profile showing the increasing tuning of basalt reflector. The bottom reflector (blue one) of 
the basalt layer from the center of the study area is not tuned; while that from the high thickness area are 
tuned, which means the thickness of basalt here has reached the tuning limit. Wells T40 and T41, which 
have basalt thickness of 72 m and 76 m, show tuning effect; while wells T39 and T35, which have basalt 
thickness of 52 m and 62m, show no tuning effect. This suggests that the tuning point should be slightly 
lower than 70 m, which is concordant with a tuning point at 25 Hz main frequency and a velocity of basalt 
at 5800 m/s. 
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