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Abstract: Assuming a reservoir with a typical salt-lake background in the Qaidam Basin as a testbed, in this study the variation law of the rock electrical parameters has been determined through water displacement experiments with different salinities. As made evident by the results, the saturation index increases with the degree of water injection. When the salinity of the injected water is lower than 80000 ppm, the resistivity of the rock sample first decreases, then it remains almost constant in an intermediate stage, and finally it grows, thereby giving rise to a ‘U’ profile behavior. As the salinity decreases, the water saturation corresponding to the inflection point of the resistivity becomes lower, thereby leading to a wider ‘U’ type range and a higher terminal resistivity. For different samples, higher initial resistivity of the sample in the oil-bearing state, and higher resistivity after low-salinity water washing are obtained when a thicker lithology is considered.
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Abbreviations



	CNL
	Compensated neutron logging, %



	DT
	Acoustic logging, μs/m



	DEN
	Density logging, g/cm3



	I
	Resistivity index



	R3
	3 m bottom gradient resistivity, Ω•m



	R6
	6 m bottom gradient resistivity, Ω•m



	RNML
	Micropotential resistivity, Ω•m



	RLML
	Microgradient resistivity, Ω•m



	Sw
	Water saturation





1  Introduction

Rock is a porous mixed medium. The physical properties of rocks are the link between geophysics and geological interpretation. The accuracy of physical data is the basis of reliable geological interpretation. Among them, the accuracy of rock electrical parameters and their influencing factors played an important role in evaluating the hydrocarbon saturation of reservoirs.

In 1942, the simple empirical relationship between formation factors and porosity was studied [1], and the simple empirical relationship between resistance increased coefficient and water saturation. The research on the relationship between formation conditions and rock electrical parameters has not been interrupted. A lot of work on the electrical parameters of tight reservoirs has been done [2,3]. They believed that the rock electrical parameters were most important in evaluating hydrocarbon saturation of reservoirs, and wettability [4–6], clay mineral distribution, pore structure, and heterogeneity, which made it difficult to accurately obtain oil and gas saturation [7,8]. In addition, due to the high salinity of formation water and strong conductivity, oil sand bodies generally showed low resistivity [9,10]. In the development of most reservoirs, the method of cleaning and mixed injection was adopted, which leads to the continuous decrease in the salinity of the mixed liquid [11], the drastic change of the rock electrical parameters [12,13], and increased the inaccuracy of the waterlogging layer identification and saturation calculation [14–16]. It was found that there were few studies on the influence of salinity on rock electrical parameters after the development of high-salt reservoirs by using the method of cleanup and mixed injection [17–19].

In this paper, the Gasikule reservoir with the typical salt lake background in the Qaidam Basin was taken as the research object. The original formation salinity was mostly in the range of 100000–200000 mg/L. It had been developed by mixed injection of clean water and sewage over more than 20 years. The characteristics of salinity were becoming increasingly complex. In this paper, the variation law of rock electrical parameters was studied by water injection experiments with different salinity. The results showed that the saturation index increases with the increase of water flooding degree. When the salinity of the injected water was lower than 80000 ppm, the resistivity of the rock sample decreased in the early stage, flattened in the middle stage, and increased in the later stage, of which the image alternation trend was similar to a ‘U’ shape. As the salinity decreased, the water saturation corresponding to the inflection point of the resistivity from falling to rising became lower, which resulted in a wider ‘U’ type range and a higher terminal resistivity. For different samples, as the lithology became thicker, the initial resistivity of the sample in the oil-bearing state was higher, and the resistivity after low salinity water washing is higher. The conclusion of this paper has an important application value for evaluating the oil and gas saturation of high-salt reservoirs after mixed injection development.

In the process of water displacement, low-salinity water flooding is conducive to change the rock wettability, and low-salinity water + carbon dioxide can effectively reduce interfacial tension. In the process of alkali flooding, low-salinity water is also conducive to raising pH value [20,21]. Therefore, low-salinity water flooding is used in the development of most oilfields. Due to the high salinity and strong conductivity of the formation water, an oil sand body generally shows low resistivity. In the process of low-salinity water flooding, the salinity of water in the oil sand body continuously decreases, and the resistivity changes dramatically. In the case of high waterlogging, the resistivity of the oil sand body is even higher than that in the case of no waterlogging, and the accuracy of waterlogging layers and the saturation calculation continues to deteriorate. Therefore, it is necessary to study the resistivity variation law of reservoirs by using low-salinity water injection.

2  Reservoir Salinity Variation and Its Effect on Resistivity

The variation trend in the average salinity of water produced in the Gasikule reservoir in the last 15 years is shown in Fig. 1 and Table 1. Since 2008, the average salinity of water produced in the Gasikule reservoir decreased from the highest value of 170052 mg/L (chloride ion peak value of about 134572 mg/L) to the current 73142 mg/L (chloride ion concentration of about 46613 mg/L).
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Figure 1: Trend of average salinity of water produced in the Gasikule reservoir in the last 15 years
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In December 2008, Yue 443 (Y443) well began to undergo v-7 and v-9 layer clean by mixed injection, where v-7 was interpreted as an oil layer with DT of 310 μs/m, R6 resistivity of 3.6 Ω·m; v-9 was interpreted as a poor oil layer with DT of 295 μs/m, R6 resistivity of 2.7 Ω·m (Fig. 2a). The well was scrapped, and the cumulative water injection was 3.63 × 104 m3. At the same time, the well Yuegeng 443 (YG443) was drilled, and the chloride ion concentration of the test water sample was 4.6 × 104 mg/L, which was much lower than the original chloride ion concentration, indicating that the injection water of Y443 well was spread to the location of the renewal well (Table 2). Well YG443 is a replacement well for well Y443 and these wells shared a wellhead, which was only 51.3 m away from the target zone v-9. According to the logging curve, both wells were located in channel deposits. The channel width of the area was 300–600 m, indicating that the two wells were connected, and the reservoir conditions were consistent. The logging interpretation results of well YG443 showed that v-9 was a moderately flooded layer, which was affected by water injection erosion and the obvious increase of DT value. The average value was 315 μs/m, which was 1.07 times the original. The resistivity of R6 was 4.6 Ω·m, which is 1.7 times the original. The resistivity of the water-flooded layer did not decrease but rather increased (Fig. 2b). The two water absorption profiles in June and September 2015 proved that the layer was the main water absorption layer (Fig. 3 and Table 3), and verified the rationality of the interpretation of the v-9 layer of YG443 well as the moderate water displacement layer.
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Figure 2: Different well logging interpretation, (a) Y443 well logging interpretation; (b) Well YG443 electrical logging interpretation
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Figure 3: Comparison of relative water absorption in YG443 well
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3  Experiment

3.1 Rock Electricity Experiment Method

In the process of water injection in the oilfield, the distribution of oil/water in rock pore spaces, salinity of the formation mixed liquids, and the conductivity gradually changed. This process (oil driving water) and the accumulation process (water flooding) was reversed, which resulted in the different rock electrical parameters. Therefore, experiments were carried out on the original reservoir and the developed reservoir. The original reservoir was tested by oil injection, and the developed reservoir was tested by water displacement (Table 4).
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In this experiment, the relative resistivity-porosity relationship of all samples (123 blocks) was analyzed. It was found that the characteristics of samples with a porosity of less than 8% were significantly different from those of samples with a porosity of more than 8%. Considering the effective range of the reservoir in this area, samples with porosity below 8% were removed when the specific parameters were determined.

3.2 Experimental Study of Electrical Characteristics Due to Different Salinity Displacement

In the process of water flooding, the distribution of oil and water in the rock inevitably changed, resulting in the destruction of the original conductive network of rock pores and the change of the conductive mechanism. In this paper, the variation of rock electrical parameters during water flooding was studied by simulating the reservoir development process.

3.2.1 Different Salinity Water Flooding Core Saturation Index Experiment

Firstly, the rock saturated by water with a salinity of 160000 ppm (simulating the original salinity of the formation) was used to measure the rock resistivity, to determine the rock formation factors, and the pore structure index. And then the water in the rock was displaced by crude oil to simulate the reservoir formation process and to measure the original reservoir rock saturation index.

3.2.2 Different Salinity Water Flooding Core Resistivity Experiment

According to the GB/T 29172-2012 ‘core analysis method’ and the SY/T 5385-2007 ‘laboratory measurement and calculation method of rock resistivity parameters’, the basic parameters (porosity and permeability), oil-water and water-oil displacement tests were carried out at 13°C and confining pressure of 5 MPa.

In each experiment of the displacement process, the core was saturated with water with a salinity of 160000 ppm, and then the reservoir conditions were saturated by the crude oil, and the displacement was carried out with different salinity water.

The degree of mineralization of successive displacement with different salinities of 160000, 80000, 40000, 20000, and 5000 ppm were carried out. The experimental results can not only aid in understanding the electrical parameters of rock but also study the variation of resistivity in the process of different salinity displacement.

4  Results

4.1 The Variation of Saturation Index during the Displacement Process

The experiment showed that the saturation index of rock changed in different stages. In the early stage of water flooding, it was close to the saturation index of the original reservoir. With the increase of the degree of water injection, the saturation index increased and the rate of increase slowed down in the middle and late stages. There were some differences in the saturation index at each stage of development. In general, the average saturation index of rocks in the development period was slightly higher than that of the original reservoir as shown in Fig. 4 and Table 5.
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Figure 4: Changes in saturation index of different oil groups during water flooding
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From the difference in saturation index between the development period and the accumulation period, the corresponding rock electrical parameters were used in the interpretation of the water-flooded layer in the development period to improve the accuracy of saturation interpretation. The rock electrical parameters can be selected by using the interpolation calculation method or the water flooding grade zoning.

4.2 Resistivity Variation during the Displacement Process

The resistivity variations were shown in Fig. 5 and Table 6. The highest proportion of siltstone rock samples in the study area was selected. The resistivity of rock with saturated oil continuously decreased during the displacement process with 160000 ppm brine. In this process, the salinity of the displaced water was consistent with the original salinity of rock and the resistivity decreased continuously. The terminal resistivity was 0.2 times the original resistivity.
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Figure 5: Characteristics of resistivity variation (average Ф19.7%, Perm22.6 mD) of siltstone samples during displacement with different salinities
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When the saturated oil was displaced by 80000 ppm brine, the resistivity of the rock decreased continuously during the displacement process, and then reached the inflection point at a water saturation of about 70% and gradually increased. The final resistivity was 3.7, which was 0.69 times the original resistivity. The resistivity curve showed an asymmetric U shape. This process basically represented the resistivity variation characteristics of the freshwater displacement process.

When the saturated oil was displaced by 40000 ppm brine, the resistivity of the rock began to decrease first and then rose at the inflection point with a water saturation of about 65%. The final resistivity was 6.1 Ω·m, which was 1.24 times the original resistivity. The range of the ‘U’ shape was slightly larger than that of 80000 ppm.

When the saturated oil was displaced by 20000 ppm brine, the resistivity of the rock began to decrease first and then reached the inflection point at a water saturation of about 59% and began to rise. The final resistivity was 12.9 Ω·m, which was 2.63 times the original resistivity. The ‘U’ shape range was further expanded.

Until the water saturation reached 54% by using 5000 ppm brine, the resistivity decreased to about 4.1 Ω·m. Then, with the increase of water saturation, the measured resistivity gradually increased and finally reached 27.2 Ω·m, which was 4.46 times the original resistivity. The ‘U’ shape range reached the maximum.

In general, as the salinity decreased, the water saturation corresponding to the inflection point of the resistivity from falling to rising became lower, which resulted in the wider ‘U’ type range and the higher terminal resistivity.

As shown in Fig. 6, the critical salinity of the end resistivity consistent with the initial resistivity is 46000 ppm.
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Figure 6: The relationship between the salinity of injected water and the final decrease multiple of rock resistivity

4.3 Analysis of Variations in Resistivity of Different Lithology Samples

Experiments showed that the resistivity of the rock samples had large alternation range and obvious differences. For example, the average resistivity of siltstone rock samples was about 5.5 Ω·m in the case of saturated oil, and the resistivity decreased to 2–3 Ω·m in the later stage following injection of water with a salinity of 160000 ppm. When water with 5000 ppm salinity was used, the resistivity of the rock later increased to 19.2 Ω·m. For fine sandstone samples, the average initial resistivity was 8.7 Ω·m in the case of saturated oil, and the later resistivity dropped to 7–8 Ω·m following the injection of water with a salinity of 150000 ppm. When water with a salinity of 5000 ppm was used, the later resistivity increased to about 35 Ω·m. For medium sandstone samples, the initial average resistivity was 17.5 Ω·m in the case of saturated oil, and the resistivity decreased to 7.4 Ω·m in the later stage when injected with water with a salinity of 150000 ppm. When water with a salinity of 5000 ppm was used, the later resistivity increased to about 66 Ω·m. The average resistivity of gravel-bearing coarse sandstone under saturated oil was 28.3 Ω·m, and the resistivity decreased to 14.1 Ω·m when water with a salinity of 150000 ppm was injected. When water with a salinity of 5000 ppm was used to displace, the later resistivity increased to about 130.3 Ω·m as shown in Table 7 and Fig. 7.
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Figure 7: Resistivity variation characteristics of different lithology samples in the different salinity displacement processes

Regardless of the sample lithology, the water saturation corresponding to the inflection point of the resistivity from the drop to the rise became lower with the lower salinity of the injected water and the higher resistivity.

5  Conclusions

(1)    Experimental results showed that in the process of water flooding, the saturation index of rock changed in different stages. In the early stage of water flooding, it was close to the original reservoir saturation index. With the increase of the degree of water flooding, the saturation index increased. In the middle and late stages, the rate of increase slowed down, and there were some differences in the saturation index at each stage of development. In general, the average saturation index of rocks in the development period was slightly higher than that of the original reservoir.

(2)    Under the condition of high salinity water injection, the resistivity of rock samples continued to decline. Under the condition of low salinity, the resistivity of the rock sample may eventually change in a ‘U’ shape, forming a shape of initial decline, medium-term gentleness, and later increased. Finally, the resistivity of the sample after water flooding was close to or even higher than the original resistivity. But the lower the salinity the higher the resulting terminal resistivity.

(3)    The samples of different lithology showed the phenomenon that the resistivity decreased under the condition of high salinity and the resistivity rose under the condition of low salinity. As the salinity decreased, the water saturation corresponding to the inflection point of the resistivity from falling to rising became lower and the terminal resistivity became higher. The thicker the lithology of the sample, the higher the initial resistivity in the oil-bearing state, and the higher the final resistivity under the same salinity condition.

Prior to the transfer of water injection in September 2004, Yue 395 well was brought on stream in the target interval and maintained a good production rate. Before the injection, the daily oil was still above 10 t and the water content was about 10%. The well has been injected with a salinity water of about 2000 ppm for many years. In 2013, a Yue 395 inclined well was completed nearby the Yue 395 well. The comparison showed that the resistivity of the II-9 layer in Yue 395 inclined well increased significantly more than 2.6 times that of the initial layer, but the water content was 98% after production with a strong waterlogging layer, which was consistent with the experimental results.

Therefore, the high resistance did not mean pure oil layers for the low-salinity water injection reservoir and it was likely to be the strong waterlogging layer. On the one hand, the experimental results reversed the misunderstanding that the resistivity of long-term water injection formation continued to decline. On the other hand, it could guide the identification of waterlogging layers. It is of great significance to define the remaining oil distribution and formulate the next development adjustment plan.
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OEBPS/Images/table-1.png
Table 1: Average salinity of water produced in the Gasikule reservoir in the last 15 years

Year Number of samples (pieces) CI salinity (mg/L) Total mineralization (mg/L)
2007 4912 134572 170052
2008 5201 128839 168141
2009 6035 113106 149345
2010 6731 107374 146931
2011 7013 91641 129643
2012 7346 80224 128358
2013 8311 63222 101155
2014 8766 65408 97465
2015 9079 60387 96619
2016 9202 52804 84486
2017 5137 53840 86144
2018 6162 52183 84081
2019 5604 51073 82945
2020 5384 49080 79876
2021 4023 47913 76083
2022 1313 46613 73142
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Table 3: Water absorption profile of well YG443

Time of Level Perforation Lamination Property Relative water  Absolute water

test number interval thickness absorption absorption

2015.6.5 V-5 1593.2 15944 1.2 Poor oil layer 13.72 4.53

2015.6.5 V-8 1608.6 1609.9 1.3 Medium water-  32.26 10.68
flooded zone

2015.6.5 V-9 1610.9 1613.6 2.7 Medium water-  53.93 17.79
flooded zone

2015.6.5 V-13 1629.5 1631.5 2 Oil layer 0.00 0.00

2015.6.5 V-14 1637.2 1640 2.8 Oil layer 0.00 0.00

2015.9.6 V-5 1593.2 1594.4 1.2 Poor oil layer 0.00 0.00

2015.9.6 V-8 1608.6 1609.9 1.3 Medium water-  10.86 1.09
flooded zone

2015.9.6 V-9 1610.9 1613.6 2.7 Medium water-  89.14 8.91
flooded zone

2015.9.6 V-13 1629.5 1631.5 2 Oil layer 0.00 0.00

2015.9.6 V-14 1637.2 1640 2.8 Oil layer 0.00 0.00
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Table 6: Multiples of resistivity change during different salinity displacement

Number of samples (block) 20 20 20 19 19
Degree of original mineralization (ppm) 150000 150000 150000 150000 150000
Displacement salinity (ppm) 150000 80000 40000 20000 5000
Final resistivity change multiple 0.2 0.69 1.24 2.63 4.46
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Table 4: Rock electrical experiment methods in different periods

Purpose of measurement Experimental method Initial state of displacement Final state of displacement

Rock electrical
parameters of the
original reservoir

Rock saturated water

Rock electrical
parameters of
the development
process

Saturated oil (bound water) Residual oil state
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Table 7: Different rock sample parameters table

Sample number Lithologic characters Average porosity Average permeability Average resistivity

5 Siltstone 19.4 21 5.5
5 Fine sandstone 21.3 55 8.7
5 Medium sandstone 23.6 189 17.5
5 Coarse sandstone 25.6 342 28.3
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Table 2: Results of YG443 well water sample test

Well Sampling  Checkout = Water content Water content by Chloride
number time time by volume (%) weight (%) ion
(mg/L)

Yuegeng443 2014-8-13 2014-8-14 95 95.64 46077.1
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Table 5: The relationship between saturation and saturation imndex in the displacement process of the rock
electricity experiment

Saturation range 0%—40% 40%-60% 60%—-80% >80%
Average saturation 34.2 50.6 70.8 84.6

IV-VI line of the hitch of oils 1.700 1.815 1.920 1.978
VII-IX line of the hitch of o1ls  1.698 1.758 1.874 1.939

Index of saturation
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