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SUMMARY
A quantitative method for assessing the performance of a water injector is proposed, using well-centric
metrics derived from 4D seismic data. Amplitude analysis is performed to give estimates of sweep
efficiencies and injected fluid flow directions in swept areas of the reservoir. The methodology is applied
to injectors in a UKCS oil field. For each injector in the field, the calculations are guided by the use of
synthetic seismic data and flow simulation models. The results are in broad agreement with expectations
for the field production and alignment described by the directions of sediment deposition.
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 Introduction 

The performance of a water injection programme is typically assessed using diagnostic plots and 
specialised logs. Water-flood performance is largely evaluated by macroscopic scale rock and fluid 
flow properties. It is firmly established that 4D seismic signatures reflect dynamic reservoir changes 
as a result of water injection, and that the resultant saturation changes can often dominate seismic 
difference images. This naturally suggests that 4D seismic data could be used in a quantitative role to 
assess areal sweep efficiency, preferential flow trends and possible flow barriers prior to water 
breakthrough (for example, Røste et al. 2009). Following this trend, in this study we propose two 
well-centric metrics that can be evaluated directly from the seismic data, and apply these to a UKCS 
field case study. In addition, by working with multiple monitor surveys, we are able to assess flood 
efficiency as a function of time around selected injectors as rates vary in the field. 

Methodology 

The assumption behind our technique is that the hardening response in the 4D seismic data around 
injectors can be attributed to the displacement of oil by injected seawater. Thus, water injectors are 
chosen for which the effects of pressure, salinity or temperature variations are dominated by water 
saturation in the seismic data. In particular, injectors completed in the oil leg of the reservoir are 
selected for analysis, whilst those completed in the water leg or aquifer, are excluded due to strong 
pressure signals. Mapped seismic amplitudes of top reservoir and vertical sections through the injector 
well are created from the monitor and baseline survey data.  

The following metrics are then evaluated: 

1 - Seismic displacement efficiency (SDE): water injected into a reservoir forms a drainage pattern 
around the well that is visible in a 4D seismic amplitude map as an impedance hardening event. The 
spatial extent of this drainage pattern visible on the 4D seismic data defines a boundary within which 
the efficiency of the water injection is evaluated (Figure 1(a)). This efficiency measure is achieved by 
linking the average amplitude evaluated within this boundary at the time of the baseline survey (A), 
with the amplitude level change at the time of the monitor surveys (A + ∆A). The displacement 
efficiency, ED of the water flood is defined as the volume of oil displaced from the pore space divided 
by the volume of oil in the same pore space before displacement (Mian 1992) 

(1) 

where Swi is the initial water saturation and ROS the remaining oil saturation. The change in seismic 
amplitude A as a result of water injection has been shown to be directly proportional to the water 
saturation change (Alvarez and MacBeth 2014). This allows us to connect the average amplitudes 
within the defined drainage boundary directly to the displacement efficiency of the reservoir within 
the same boundary  

(2) 

To obtain a precise reservoir measure, the effects of seismic wavelet interference must be eliminated. 
This process is achieved by simulator to seismic calculation. Since the volume of water injected is 
known and is an input to the simulation model, the same theory of drainage pattern boundary 
efficiency can also be applied to the synthetic amplitude and average saturation maps from the 
simulator at the baseline and monitor times (Figures 1(b), (c), (d) and (e)), to give the corresponding 
displacement efficiencies ED (syn) and ED (sim). This defines the relationship between the seismic and 
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 the simulation model in the form of a correction factor, α = ED(sim)/ED(syn). The derived factor can 
now be used to correct the observed seismic displacement efficiency to the true value of α ED (obs). 

2 - Flood pattern shape and directionality (FPS): water injected into a reservoir almost always results 
in a heterogeneous flood pattern, but to what degree is the pattern heterogeneous? An estimated 
direction of the preferential flow path is a useful performance metric that immediately provides 
information about how the reservoir behaves and how that injector would interact with proximal 
producers. From a 4D seismic amplitude map such as that in Figure 2, the aspect ratio of the flood 
pattern (A:B) and the angle of the dominant direction can be determined. 

The validity of the above analysis with both metrics depends on: (1) a visible and continuous flood 
pattern interpretation from seismic; (2) wells completed in the oil leg; (3) an obvious increased water 
saturation hardening response at the wells; (4) injection wells are at a distance that ensures that flood 
patterns are not interconnecting; (5) proximal producers are not producing injected water; and (6) 
injector completions are functioning as designed. 

Application to field data 

Metrics are evaluated for injectors in a field in the UKCS. The field is a faulted turbidite reservoir 
with channel sands of thicknesses of about 10 to 50m. There is good porosity of 28% and 

 Figure 2 Seismic Pattern Directionality - aspect ratio and angle of preferential propagation. 

Figure 1 Evaluation of seismic displacement efficiency using the flood pattern boundary defined 
from 4D seismic. (a), (b) and (c) - 4D hardening response around the injector in observed seismic,  
synthetic seismic and simulation model respectively. (d),(e) and (f) application of the boundary to 
the  baseline survey. 
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 permeability ranging between 200 and 1000mD (Martin and MacDonald 2010). Four cross-equalized 
seismic surveys are used in this study, with a pre-production baseline 1998 survey and monitor 
surveys in 2004, 2006 and 2008. The field is divided into four segments by E-W faults and divided 
between three of the four segments are twenty injection wells that are analysed. Of all twenty injectors 
in the field, three were completed in the aquifer, four injectors were strongly pressured and this 
created a counteracting impedance softening response that swamped the water saturation response, 
and as a consequence four had incomplete data sets. This left nine applicable injectors field-wide 
which could be evaluated with the performance metrics, a few of which were completed in both the 
oil and water legs. There is a reasonable agreement between observed, synthetic and simulation model 
displacement efficiencies (Figure 3), with some disagreement in wells W2, W3, W5 and W9 
completed in both water and oil legs, and wells W12 and W13 with dominating pressure responses. 
Information from all the derived metrics (shown in Table 1) are superimposed on the field map, 
together with seismic amplitude, and this helps to understand the relation between the pattern of 
sediment deposition and injector performance. There is a good agreement between the direction of the 
water flow and channel alignment. The relatively low values of efficiency (approximately 18% after 
nearly six years of injection) in wells of the highly pressured segment of the reservoir are a clear 
indication of the pore pressure effects. Figure 4 shows the results of the remaining oil calculation as a 
function of time. Secondary and tertiary oil recovery methods are designed based on economic limits 
determined by the volume of remaining oil and the recoverable percentage or incremental oil recovery 
(Al-Shalabi et al. 2014), so an estimate of the remaining oil saturation within a swept portion of the 
reservoir would be considered valuable information. The displacement efficiency estimates appear 
fairly consistent for all three selected points. The initial estimates are influenced slightly by pressure 
effects. An increase in (b) with time is noted, which responds to the changes of saturation as a result 
of the shutting down of the injector in 2003. 

WELL 
DISPLACEMENT EFFICIENCY Corrected ED 

COMMENTS 
OBSERVED SYNTHETIC SIMULATION 

W1 0.22 0.20 0.30 0.32 Completed in oil leg 
W2 0.32 0.17 0.58 1.12 Completed in oil & water leg 
W3 0.22 0.25 0.37 0.32 Completed in oil & water leg 
W4 0.22 0.18 0.33 0.38 Completed in oil leg 
W5 0.14 0.15 0.37 0.36 Completed in oil & water leg 
W6 0.18 0.11 0.38 0.63 Completed in oil leg 
W9 0.32 0.21 0.32 0.78 Completed in oil & water leg 
W12 0.08 0.36 0.32 0.09 Saturation signal severely dampened by high pressure 
W13 0.08 0.02 0.30 0.18 Saturation signal severely dampened by high pressure 

Figure 3 Observed seismic, synthetic seismic and s imulation model displacement efficiency for all 
wells (a). (b) Corrected displacement efficiency for seismic and simulation model. Blue – observed 
seismic, Red – synthetic seismic, Green – simulation model. 

Table 1 Derived seismic displacement efficiency for selected wells in the field. 
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Discussion and conclusions 

Performance metrics for the early stages of a water injection programme are investigated using 4D 
seismic data. After calibration to the simulation model, the seismic measures provide a reasonable 
indication of the well-centric behaviour of injectors across our field. We believe such measures can 
support permeability and connectivity methods for injection pattern design, injection rates or volumes 
injected. At the later stages of the water injection programme, the remaining oil saturations can 
directly feed into the economics of EOR. Multiple surveys improve the robustness of the information. 
Ideally, localised high repeatability data acquired around each injector would be of benefit to field 
development and reservoir monitoring strategy for in-fill drilling programmes. 

Acknowledgments 

We thank the sponsors of the Edinburgh Time-Lapse Project Phase V (BG, BP, CGG, Chevron, 
ConocoPhillips, ENI, ExxonMobil, Hess, Ikon Science, Landmark, Maersk, Nexen, Norsar, Petoro, 
Petrobras, RSI, Shell, Statoil, Suncor, Taqa, TGS and Total) for supporting this research. 

References 

Al-Shalabi, E. W., Sepehrnoori, K. and Pope, G. [2014] An Improved Method for Estimating 
Volumetric Sweep Efficiency of Low Salinity Water Injection. Paper SPE 172279-MS. SPE 
Annual Caspian Technical Conference and Exhibition, Astana, Kazakhstan. 

Alvarez, E. and MacBeth, C. [2014] An insightful parameterisation of the flatlander’s interpretation of 
the 4D seismic signal. Geophysical Prospecting, 62, 75 – 96 

Martin, K. and MacDonald C. [2010] Schiehallion Field: Applying a Geobody Modelling Approach 
to Piece Together a Complex Turbidite Reservoir, 7th European Production & Development 
Conference, Aberdeen, UK. 

Mian, M. A. [1992] Petroleum Engineering Handbook for the Practicing Engineer. PennWell 
Publishing Company. ISBN 087814370-X, pp. 434 – 436.  

Røste, T., Kolstø, E., Husby, O., Tyssekvam, J. A., Moen, A. S., Endresen, T. and Dawodu,N. K. 
[2009] Using 4D Seismic to Monitor Fluid Flow in a Heterogeneous and Compartmentalised 
Reservoir – Cases from the Heidrun Field, 71st EAGE Conference and Exhibition incorporating 
SPE EUROPEC 2009, Vienna, Austria. 

Figure 4 (a) 4D Hardening response around injector; (b) Observed ED; and (c) Simulation model ED 

at selected points over multiple surveys. Blue, Purple and Green lines corresponding to Points X, Y & 
 Z in (a). 
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