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Abstract

Deep azimuthal wave resistivity sensors yield a new type of electrical images. Although traditional micro-electrical images are limited to the surface of the wellbore, the new deep resistivity images span a volume of several cubic feet around the borehole. This new window on the geology helps to geosteer with more confidence than a series of discrete non-azimuthal curves.

Deep azimuthal images feature frowning and smiling patterns similar to their micro-images counterparts, except for two important distinctions. First, they make it possible to recognize approaching boundaries long before they intersect the well path. Because they emanate from several feet away from the wellbore, deep electrical images effectively enable proactive geosteering. They guide proper and timely evasive actions before the well exits the reservoir into shale or an underlying water-bearing interval. Second, the deep propagation images feature a characteristic bright spot that appears when drilling through a reservoir and nearing an exit into a less resistive formation. Various spacings and frequencies generate images with differing depths of field that provide a sense of 3-dimensional view away from the wellbore. This important information is unavailable from micro-images limited to the wellbore surface.
New interpretation methods specific to deep electrical images are illustrated on modeled data and on real logs in which the primary objective is often to steer near a boundary, while staying clear from it. To quantify the distance to nearby beds, deep images are supplemented by Geosignal, a new real-time electromagnetic log that is very sensitive to the distance to the nearest boundary. By integrating multiple deep images with multiple depths of field, electrical Geosignals, and quantitative azimuthal resistivity data, a real-time inversion software helps the geosteering engineer to locate the well precisely with respect to the geological layers. 

Introduction

When borehole electrical images were first introduced in the mid-1980s, they were greeted with enormous interest by the geologists and the sedimentologists (Ekstrom, 1986). Because of their ability to identify small features and their sensitivity to small scale resistivity contrasts, borehole electrical images are also known as micro-electrical images or micro-resistivity images. 

This paper introduces and characterizes a family of electrical images obtained from a new type of wave resistivity measurement sensors. These new images originate from deeper within the formation than their micro-resistivity counterparts. Although they have a much lower resolution, these images see further away from the wellbore, which makes them very useful in geosteering and in imaging important geological events a few feet away from the wellbore. All of the intuitive knowledge developed over the years for small scale wellbore image interpretation can be adapted to deep image interpretation, but with some important differences. A series of modeled and actually acquired deep images are used to develop a method for interpreting the new type of images. Finally, additional measurements from the deep azimuthal resistivity sensor are combined with the deep images for improved geosteering. One of these measurements is the Geosignal (Bittar 2002). The primary advantage of the Geosignal is that it can detect lateral events from up to 18 ft away under favorable conditions.

Azimuthal Deep Resistivity for Deep Imaging 

Deep electrical images are generated by a new class of logging-while-drilling (LWD) sensors called azimuthal deep resistivity sensors. Figure 1 illustrates this type of sensor. Bittar (2007) provides a detailed description of the instrument and its functionality. 
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Figure 1–Azimuthal Deep Resistivity sensor for logging-while-drilling, with the tilted antenna receivers in shown in red. As the bottomhole assembly rotates, the measured resistivity varies with the azimuth. Deep electrical images are generated by mapping the measured resistivity values as functions of azimuth and measured depth.

The array shown in Figure 1 includes multiple transmitter-receiver pairs, each operating at two or three frequencies: 125 KHz, 500 KHz, and 2 MHz. Some measurements are combined to benefit from the added stability and performance already proven with non-azimuthal resistivity arrays.  The azimuthal deep resistivity sensor acquires a total of 36 resistivity logs corresponding to the different spacings and frequencies. Each of these resistivity logs is obtained 32 times per revolution of the bottomhole assembly. It is natural to display the data for each of the 36 resistivity measurement arrays as a color map, thus producing 36 different electrical images. These images are similar to the well-known micro-electrical images, except that they represent larger scale dimensions.

Figure 2 shows an example of deep electrical images. This example comes from a horizontal well in the Oseberg field and was reported in a recent publication (Bittar 2008). A close examination of the deep images suggests that the longer spacing of 48-in. detects the interface shale-sand on the low side of the well from a further distance than the 16-in. spacing. Unlike for micro-resistivity measurements from focused electrode sensors, the azimuthal wave propagation images seem to originate from different depths within the formation, depending on the spacing that generated them. This particular observation will be substantiated through one other example from a real log and through a series of controlled computer models.
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Figure 2 – Deep electrical images acquired by the 16-in. spacing and the 48-in. spacing of the deep azimuthal resistivity sensor.

Figure 3 provides an example from a real log recently reported by Diaz (2009). In this example, a thin bed intersects the well path at a high angle. The trace of the intersection shown on the image is a sinusoid whose amplitude depends on the depth of the electrical image. The amplitude of the sinusoid from the 48-in. spacing is significantly larger than that of the 16-in. spacing, which confirms a larger depth-of-image. In addition, because of the smiling pattern, we conclude that the well is being drilled up-dip.
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Figure 3 - Deep electrical images from the 16-in. spacing and the 48-in. spacing show a thin resistive streak intersecting the well. The sinusoidal pattern for the 48-in. image has higher amplitude than the 16-in. image, indicating a deeper reach for the former.

When interpreting micro-resistivity images, it is a common practice to compute a relative dip of a boundary by normalizing the magnitude of the sinusoidal pattern to the diameter of the wellbore augmented by twice the depth of electrical image. The relative dip angle is readily derived as the inverse tangent of that ratio. This method has not been successfully applied to deep images like the ones shown in Figure 4. First, the fitting of a sinusoid is not precise, given that deep images are generally blurry. More importantly perhaps, the depth of electrical image is not known with enough accuracy and varies widely with resistivity levels. For micro-resistivity, the depth of electrical image is a fraction of an inch; any error would have a limited effect on the dip calculation. This is not true of deep images. The depth of electrical image for deep azimuthal resistivity varies from a few inches to a few feet. Nevertheless, deep images yield qualitative information about the surrounding geology from the simple study of the patterns of the images. An exact determination of the relative dip of a boundary is still possible by computing the distance between the well and the boundary as the sensor moves, then triangulating for a given finite interval.
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Figure 4–Modeled deep electrical images from the 16-in. spacing, the 32-in. spacing, and the 48-in. spacing for a 45 degree dip. The estimated sinusoid magnitudes of 18 in., 35 in., and 52 in. translate into depths of electrical images of 5 in., 13 in., and 22 in., respectively.

The Bright Spot Phenomenon in Deep Resistivity Imaging

When the well approaches a boundary separating two intervals of differing resistivities, deep electrical images exhibit an unexpected phenomenon in the form of bright spots, as shown in Figure 5. The standard color scheme for resistivity images uses bright yellow or white for high apparent resistivity, and dark brown for low apparent resistivity. A bright spot would intuitively indicate the presence of a high resistivity formation near the wellbore. In reality, it is quite the opposite. A bright spot is an indication of an approaching, less resistive formation. The only difference is that the bright spot displays on the side opposite the less resistive formation. If the well is approaching a less resistive roof, the bright spot displays on the low side of the well. Similarly, if the well is approaching the less resistive oil-water contact, the bright spot displays on the high side of the well.

Initially, bright spots were considered as evidence of calcite or anhydrite streaks. Further analysis and modeling, however, have shown bright spots to be similar to the polarization horns observed in the early 1990s on high frequency LWD wave resistivities logging high angle well (Anderson, 1990). They result from an approaching low resistivity zone with a high relative dip and frequently occur when drilling near the top of the reservoir if the overlaying formation is shale, for example. 

In Figure 5, bright spots are marked at locations A and B respectively. With traditional non-azimuthal wave resistivity, polarization horns would have been observed in both locations A and B. They would have been correctly interpreted as evidence of an approaching low resistivity formation. The added information from the deep resistivity image is the direction or azimuth of approach. In A, the conductive formation is below the well; in B, it is above the well. Figure 5 also shows two curves: the up-resistivity and down-resistivity curves. The use of these curves in geosteering is explained in detail in a recent publication (Chemali, 2008).
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Figure 5–The bright spots shown on this deep image are the manifestations of azimuthal polarization horns created by nearby low resistivity formations. Bright spot A displays on the high side of the image and results from a shale lens below the well path. Similarly, bright spot B displays of the low side of the image and results from the low resistivity roof immediately above the well path.

Geosignal

To complement the up-down resistivity, the use of the Geosignal is generally recommended. The principle of the Geosignal is described in the recently published literature (Bittar, 2007 and Chemali, 2008). The Geosignal can be viewed as a differential measurement that compares the resistivities on opposing sides of the borehole. In infinitely thick, homogeneous formations, the Geosignal reads identically zero, but when a boundary approaches from one side with a contrasting resistivity, it is detected by the Geosignal. In general, the Geosignal points toward the less conductive formation, except when it is adversely affected by skin effect. With the proper selection of spacing and frequency, this should not be a problem. The magnitude of the Geosignal varies rapidly with the distance to the boundary and increases with the resistivity contrast. Figure 6 provides a diagram of the Geosignal. 
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Figure 6–The Geosignal is an important measurement that complements the up-resistivity and down-resistivity logs. The magnitude of the Geosignal increases with the resistivity contrast on opposing sides of the borehole.

Figure 7 compares a Geosignal image from the longest spacing to resistivity images from different spacings. The well path progressively approaches the roof of the reservoir, then moves away from it. All three images show the approach, but the Geosignal senses it from the farthest lateral distance. Because Geosignal images are not easy to interpret, geosteering engineers tend to prefer combining resistivity images with Geosignal magnitude and orientation curves.
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Figure 7–Computed deep resistivity and Geosignal images when the well is in the reservoir approaching, then moving away from, the less resistive roof. The longer spacing provides a more pronounced bright spot, starting and ending further away from the boundary. The image from the 112-in. Geosignal, however, has the deepest investigation.
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Figure 8–Steering near the roof of the reservoir. As the well approaches the overlaying less resistive shale, the magnitude of the Geosignal “up” bin increases dramatically and the deep resistivity image exhibits a bright spot on the low side of the borehole.

Conclusion

Images from a new azimuthal deep resistivity sensor provide a view of geological events located a few feet away from the wellbore. These images share some features with the well-known micro-electrical images, except for the obvious difference in scale. The well-known smiling and frowning patterns, for example, are shown on deep electrical images. These patterns indicate whether the well is being drilled up-dip or down-dip. The new azimuthal deep resistivity images are distinctly different from the micro-electrical images, however. Deep electrical images exhibit bright spots when the well approaches a low resistivity formation. Experienced geosteering engineers use this phenomenon to geosteer precisely below a shale roof or immediately above an oil-water contact.
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