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摘要
    油气田勘探与开发中小尺度地质体，如沉积边界、微断裂、岩溶，特别是裂缝等为研究目标体。然而如何将这些地质体识别出来，并保证真实性，一直是是地质学家关心的问题。由物理场论可知，裂缝等不连续体地震响应为绕射场，因此，利用这些波场实现该类地质体成像是最为可靠的方式。通过对绕射波传播规律深入研究，本为给出了一种偏移域绕射信息提取方法，该方法不同于现存的波场分离方法，它充分利用了绕射波场运动学与动力学特征，能更好保留绕射波场特征，特别是绕射波与反射波相切情况。

模型试算与实际资料应用情况表明，该方法能有效的提取绕射信息，在碳酸岩缝洞型型储层研究上具有较好的应用前景。

1 引言

    溶洞裂缝型油气藏中不连续地质体构造在油气生产中占有举足轻重的地位，该类地质体成像极富挑战性。绕射成像主要目的就是提高深度域或时间域成像分辨率，以辅助解释小断块、裂缝及其它小尺度不连续构造。目前，国内外提高成像分辨率的主要做法有相干分析（Gersztenkorn and Marfurt 1999; Marfurt et al. 1998）、瞬时谱属性(Liu and Marfurt 2007)等方法。然而，上述方法均为图形驱动型的，真假构造难辨，且无法突破瑞雷准则。 

    本文提出一种基于偏移数据的绕射信息提取方法，该方法能够去除反射波，突出地质不连续性构造，得到裂缝等构造成像结果。反射波成像结果反映宏观地质构造背景，而绕射成像结果主要体现细节信息，结合两者成像结果在地质解释上具有广泛的应用价值。
2 方法原理

    在石油勘探中，习惯上称散射为绕射，并分为绕射波与散射波，前者对应边缘绕射，后者对应与菲涅尔体在空间各个方向尺度相当的地质体产生的绕射现象。振动传播过程中，两种绕射现象在运动学特征上并无区别，但动力学特征差异很大，其中边缘绕射在稳相点处出现反相位现象，且该处振幅值约为反射波振幅值一半，该特征也为分离边缘绕射波提供了很好的条件。而散射波，并无上述特征，其动力学特征与特定情况下的反射难于区分，如强弯曲反射、破碎界面反射等。然而，在偏移域，绕射波与散射波均存在空间不连续性，不可预测，不同于可预测的反射波。
    本文提出的绕射信息提取方法能够很好接轨常规反射波成像方法，主要步骤如下：

1) 通过速度分析与偏移，实现域变换，到达反射波可预测，绕射波不可预测的目的；

2) 减去预测出反射波，得到剩余信息；
3) 采用相同偏移速度，逆偏移剩余波场，重构叠加域绕射波场；

4) 绕射波速度分析，实现绕射信息提取。

3 模型试算
    图1 为零偏移距合成记录，信噪比20，模型为小断层、断点构造。图2为偏移结果，实际偏移速度低于适合的偏移速度，仅为说明该分离方法对速度模型不敏感。图3为预测出的反射信息。图4为分离出来的绕射信息，结果显示该方法能够有效的减除反射波。
4 实际资料应用

    该地区油气藏属于碳酸岩缝洞型，油气位于该地层上部。 图5为常规反射波成像结果，该剖面不能很好展示裂缝发育信息。
    图6为去除反射信息后逆偏移结果，复杂构造地区绕射较为发育。图7为提取的绕射信息，与常规成像方法相比，该成像结果去除了反射强背景，突显端点、断块、裂缝等不连续体地质信息。图8为提取的绕射波与反射波水平切片均方根属性对比图。井位验证表明，绕射波裂缝预测结果与井位吻合较好。为进一步说明该方法可信度，通过地质约束，应力场模拟方法同样得出了裂缝分布图。对比图9中（a）（b），可知，两者在裂缝展布情况上趋于一致，但绕射波分辨率明显高于正演方法。
    在绕射信息解释上，通常需要结合反射成像结果，在宏观构造主控前提下，分析裂缝发育情况。

5 结论

    偏移域绕射信息提取是一种能够用于裂缝检测的方法，该方法在缝洞油气藏成像上通过散射波与绕射波实现。模型试算与实际资源应用表明，该方法在深层地质异常体研究上也具有很好的应用前景。
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图1 零偏移距合成记录，信噪比20                图2 合成记录偏移结果
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   图3 偏移域分离出的反射信息                图4 偏移域分离出的绕射信息
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 图5 常规成像结果，不能很好刻画裂缝等地质不连续体    图6 逆偏移得到的叠加域绕射波场
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图7 提取的绕射信息，能够很好刻画裂缝系统展布情况
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(a)反射波                                   (b) 绕射波
图8 均方根振幅属性水平切片裂缝预测对比图 
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                       (a) 绕射波总能量水平切片                        (b) 应力场模拟
图9 绕射波反演与应力场正演预测裂缝对比图
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Utilizing diffraction extracted in migrated domain to detect fractures
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Summary
Small scale geologic objects, such as faults, edges, karsts, especially fractures, are the main targets in oil and gas exploration and exploitation. How to identify them with high reliability is the matter making geologists interested. In the view of physical field theory, diffraction carries information about subsurface fracture networks, which makes diffractive wave as the optimum choice for such mapping. Through intensive research of the law of diffraction propagation, we present a method to extract diffraction information in the migrated domain based on characteristics of the wave field, which will better remain diffractive wave field through removing of reflection.
Synthetic and field applications illustrate the feasibility of the proposed method on fractures detection. 

Introduction 
A major challenge in reservoirs of cavernous and/or fractured type is to map heterogeneities which have a strong impact on oil and gas resources production. The main objective of imaging diffracted arrivals is to produce high resolution seismic section in time or depth which will assist in interpretation of tiny faults, edges, fractures zones and other small scale geologic discontinuities. Nowadays, there exit many techniques aiming at enhancing imaging resolution such as coherence analysis (Gersztenkorn and Marfurt 1999; Marfurt et al. 1998), and instantaneous spectral attributes (Liu and Marfurt 2007). However, the above mentioned methods are image driven limited by Rayleigh criterion. 

In this work, we employ diffraction information extraction technique in migrated domain, in order to separate diffractive wave and map geological discontinuities and fracture zones, which will assist us to obtain high resolution fracture maps. Complementing one another, diffraction imaging maps describing detained information should be interpreted in conjunction with reflection imaging section.

Theory and Method
Diffraction phenomenon can be classified mainly into two types termed as “diffracted waves” to mean edge diffraction and “scattered waves” to mean diffraction from objects of the scale (in all directions) of the Fresnel radius. The kinematical characteristics of scattered waves are similar to diffracted waves with their amplitude differing. Nearly half amplitude as reflection and polarity reversal at stationary point make edge diffraction easily separated from reflection. For scattered waves, their amplitude is similar to reflected wave, as in the case of much curved interfaces or separated pieces of a broken interface. However, in migrated domain, diffracted and scattered wave are in unpredictable state with their kinematical and dynamic characteristics discontinues, completely different from reflection, which establish the basis of separation of reflection and diffraction.

In the proposed method, migration algorithm and velocity model are regarded as parameters providing a domain where reflection can be predicted, while diffraction is considered as noise. After subtraction of predicted reflection from migrated data, a matching demigration algorithm is required to recover diffraction in stacked domain where velocity analysis is implemented again to focus separated diffractions. 
Synthetic data examples
Figure 1 illustrates a zero offset response with S/N equal to 20 from tiny faults and edge points. Figure 2 is time migrated section of synthetic data shown in figure1. Figure3 is reflection in migrated domain predicted using modified median filter method. Subtracting reflection from migrated data, we obtain separated diffraction in migration domain, as in figure 4.

Synthetic example showed that the proposed method could effectively separate diffraction from reflection.

Field data example
Oil accumulations are located in carbonaceous rocks and are confined to its upper parts. The reservoir is cavernous fractured type.

Figure 5 shows traditional imaging section which can not describe fracture networks in details. Figure 6 is separated diffraction in stack domain after demigration. In this section, a lot of diffraction curves have been recovered, which actually indicates fractures and edges. Figure 7 illustrates the final extracted diffraction information. After removing strong reflection background, many small scale geologies have been enhanced, such as edges, tinny faults, fractures. Figure8 shows the attribute comparison between reflection and diffraction. Diffraction imaging coincides much better with well production. In order to verify the reliability of the proposed method, forward stress simulation is applied independently. Figure 9 illustrates that both methods have an identical trend in the fractures distribution. 

  In addition, for practical interpretation, diffractor map should be combined with reflector section with one describing macro structures and the other micro ones.

Conclusions
Extracting diffraction in migrated domain is one kind of method having ability to detect fractures systems. The proposed method is highly efficient in studying cavernous fractured reservoirs by scattered and diffracted waves. Synthetic and field data application illustrate that it also has potential for detection of minor acoustic inhomogeneities in deep strata. 
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         Figure 1 Synthetic zero offset section, with S/N=20        Figure 2 Migration section of zero offset data
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   Figure 3 Reflection predicted in migrated domain      Figure 4 Separated diffraction in migrated domain
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       Figure 5 Traditional imaging profile can not display       Figure 6  Profile of diffractive stacked data after the 
              fracture attributes                                  removal of reflected waves
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Fig7 Diffractive wave imaging profile can distinctly depict fracture attributes
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(a) Reflection                               (b) Diffraction 

Fig8 Horizontal slice of RMS attributes of imaging volumes

[image: image21.emf]     [image: image22.emf]
           (a) Horizontal slice of diffraction attribute                  (b) stress simulation 

Fig9 Corroboration between diffraction inversion and forward stress field simulation
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