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Abstract

Early production, as well as the ultimate oil and gas recovery, from a reservoir often depends on the timeliness and the accuracy of geosteering decisions. Exiting the reservoir during drilling results in costly, non-productive intervals. Even remaining within the reservoir, but in a non-optimal location eventually leads to early water break-through and leaves valuable attic oil behind. In recent years, azimuthal deep resistivity measurements have been recognized as beneficial to real-time steering decisions. Because of their deep investigation, they provide adequate warning to prevent exits from the reservoir. Their azimuthal sensitivity clearly points to the direction of preferred evasive actions.

Best results are achieved by jointly interpreting several measurements from the azimuthal deep resistivity which correspond to multiple depths of investigation. In the simplest cases, the up-down resistivity curves exhibit a characteristic behavior that has proven to be valuable to both petrophysicists and geosteering engineers. When approaching overlaying shale, for example, the up-curve consistently reads the resistivity of the reservoir, and the down-curve exhibits amplified horns beneficial to reservoir navigation. Resistivity images feature bright spots whose progression with increasing depth of investigation facilitates the avoidance of unwanted boundaries. A new measurement, the Geosignal, features a strong lateral sensitivity. The Geosignal from the deepest spacing is best suited to provide an early indication of the approaching boundary, with a near-exponential dependence on the distance to boundary. Examples are shown in detail to illustrate the applications.

Introduction

One of the notable challenges in horizontal well drilling is to place the well in the right section of the reservoir for the maximum contact and for the optimal long term recovery. Clearly, any distance drilled outside of the reservoir represents a lost investment. In addition, when the well path exits from the objective formation, it is likely to encounter a mechanically different formation that may complicate the drilling operation. For the long term, any section of the well that is too high or too low with respect to the oil-water contact will prematurely cease to produce hydrocarbon.

Figure 1 shows the importance of accurate well placement for large reservoirs. A very thick, oil-bearing formation is produced through horizontal wells with water drive for pressure maintenance. The producer must be as high on the structure as possible without entering the caprock. All hydrocarbons situated in the attic space between the well and the top of the reservoir will not be recovered unless additional wells are later drilled in that space. Similarly, in the less common case of gas drive, the well must be near the oil-water contact, but not close enough to cause coning. 
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Figure 1–In this simple reservoir model, if the producer is placed too low below the caprock, early water breakthrough will occur, and attic oil will be left behind.

Ideally, geosteering anticipates geological events before they intersect the wellbore. This concept, known as proactive geosteering, enables corrective or evasive action to be taken ahead of time. In typical situations, proactive geosteering keeps the well within the reservoir without the need for aggressive corrective actions that may result is severe doglegs.

Proactive geosteering is typically run with deep reading resistivity propagation logging-while-drilling (LWD). One classical method consists of looking for departure between two or more resistivity logs, including one deep and one shallow. The deeper curve makes it possible to anticipate the approaching boundary from farther away than the shallower curve. There remains, however, one major uncertainty. Non-azimuthal wave resistivity sensors cannot recognize whether a well is about to exit the reservoir from the floor, from the roof, or even sideways. The non-azimuthal LWD information is not sufficient to recommend building angle, dropping angle, or steering sideways. The uncertainty may be eliminated through local knowledge of the geology, but the risk of the improper exit remains real.

Azimuthal Deep Resistivity for Proactive Geosteering 

To eliminate the uncertainty of the direction in which to steer the wellbore, the industry has resorted to deep azimuthal resistivity measurements (Seydoux et al., 2004; Bittar, 2002; Bittar et al., 2007; Bell et al., 2006). In addition to providing advance warning of approaching geological events, the new sensors are sensitive to the azimuths of these events. This paper focuses on a new capability embodied in an instrument, the Azimuthal Deep Resistivity LWD tool, shown in Figure 2. Based on the well-known electromagnetic propagation method widely used in LWD, the new array achieves azimuthal sensitivity through tilted receiver coils. Bittar et al. (2007) provides a detailed explanation of the operating principle.
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Figure 2–Azimuthal deep resistivity sensor for logging-while-drilling. Tilted receiver antennas confer azimuthal sensitivity to this wave resistivity tool.

Steering with the azimuthal deep resistivity takes advantage of the many types of images and quantitative parameters acquired by this array.

Up-Down Resistivity Logs

As the BHA rotates, each resistivity measurement of the array is binned in 32 different sectors, each separated from the next by a 11.25 degree azimuth. It is intuitively helpful to consider first the readings from the upper bin and lower bin only and ignore the side looking bins. In the vast majority of cases run to date, the reservoir boundaries are either directly above or directly below the well path. One interesting phenomenon occurs when the well nears a conductive formation boundary: the upper and lower bins separate dramatically. The bin that is near the higher resistivity formation develops a large polarization horn. It reads much higher resistivity than can be found on either side of the boundary. The bin that is near the lower resistivity formation reads between the higher resistivity and the lower resistivity, as expected, until the well crosses the boundary, as shown in Figure 3. In the two well paths shown, well A exits the reservoir through the roof, and well B exits the reservoir through the floor. The non-azimuthal wave resistivity yields identical logs for both situations, but the azimuthal deep resistivity distinguishes between the two paths. 
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Figure 3–Simulated azimuthal deep resistivity logs and traditional non-azimuthal wave resistivity show the ability of the former to differentiate between well path A and well path B.

Figure 4 shows a real case example. This example was one of the early deployments when data was processed after the fact. The separation between the up- and down-resistivities was surprisingly large; its polarity indicated the presence of a shale bed below the well.

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, 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. The magnitude of the Geosignal varies rapidly with the distance to the boundary and increases with the resistivity contrast. Figure 5 illustrates the Geosignal concept.
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Figure 4–Early field testing of the azimuthal deep resistivity showed the characteristic separations between up-resistivity and down-resistivity measured at two opposing sectors of the binned resistivity data. By contrast, the non-azimuthal wave resistivity provides no information about the direction of the approaching boundary.
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Figure 5–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.

A series of modeling of the Geosignal has indicated that, under favorable conditions, this measurement can detect an approaching boundary from 18 feet away. Typical favorable conditions include a reservoir of 50 ohm-m with an approaching water zone or shale roof of 1 ohm-m. Less resistive shale formation can be detected from even further away.

The up-resistivity and down-resistivity measurements, as well as the various Geosignals, are highly non-linear. Consequently, it is necessary to rely on mathematical inversion to determine the distance between the well and the nearby boundaries. This inversion is carried in real time and displayed over a geological model produced by StrataSteer® software. The overlay makes it easy for the geosteering engineer to update the geological model and to re-run the model forward in real time.
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Figure 6–When the up-resistivity and down-resistivity curves separate, the geosteering engineer is alerted that a boundary is closing in. If in the reservoir and expecting a boundary to a lower resistivity interval, the higher of the up-down curves will point to the reservoir and suggest a direction in which to steer. 
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Figure 7–This is the continuation of the geological section of Figure 6. The separation between up-down resistivity helps to determine immediately whether the impending reservoir exit is from the high side or the low side.


Conclusion

Proper geosteering helps to maximize the reservoir contact in many types of reservoirs, resulting in optimal initial production rates. Another notable advantage of geosteering is an improved final recovery of reserves. Azimuthal deep resistivity measurements enable geosteering based on the resistivity contrast between the reservoir and the overlaying and underlying intervals. In this paper, two types of measurements from azimuthal deep resistivity sensors have been identified as good enablers of proactive geosteering: the up-resistivity and the down-resistivity curves, and the magnitude of the Geosignal. An interactive software integrates the information and inverts it in real time for placing the well within the geological layers, and for updating the geology.
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