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Introduction

The world class Mangala Oil Field was discovered 
in the northern Barmer Basin of Rajasthan state, 
India in January 2004 (Figure 1).  Following the 
drilling of 6 appraisal wells, 3D seismic acquisition 
and major data gathering efforts in 2004 Mangala 
was confirmed as the largest oil discovery in India 
since 1985.  Development drilling is planned to 
commence in 2008.

The Mangala structure is one of a series of simple, 
tilted fault blocks, bounded to the north and west by 
intersecting perpendicular faults with strong dip 
closure to the south east (Figure 2).  The depth to 
the crest of the Mangala structure at the Fatehgarh 

reservoir level is about 600mSS.

The main reservoir unit in the Mangala Field is the 
Fatehgarh Group, consisting of interbedded sands 
and shales. The Fatehgarh Group has been sub-
divided into the Lower Fatehgarh Formation 
dominated by well-connected sheet flood and 
braided channel sands, and the Upper Fatehgarh 
Formation dominated by sinuous, meandering, 
fluvial channel sands. 

Although the structure of Mangala is relatively
simple the seismic imaging is relatively poor at the 
crest of the structure due to shallow geological 
variations.
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Figure 1: Mangala Field depth structure map of top Fatehgarh reservoir (left) and seismic line 
through Mangala-1 discovery well (right).

Exploration History

Three 2D vibroseis surveys have been recorded in 
the Mangala area – a regional grid in 1996 (Shell : 
96-SH-), a semi-regional grid in 2003 (Cairn : CEI-
RJ03-) and an infill grid in 2004 (Cairn : CEI-RJ04-
).  Approximately 220km of 2D seismic data 
provided a detailed but variable grid over the 
Mangala Structure with lines predominantly 
orthogonal to the main bounding fault (Figure 3).

Data quality is fair to good except near the crest of 
the structure adjacent to the western bounding fault 
where it is very poor.  Mapping using the 2D data 
identified the Mangala structure and was used to 
locate the Mangala-1 discovery well but it was 
recognised that there was considerable uncertainty 
over the placement and number of faults associated 
with the structure.

Figure 2: Seismic coverage of Mangala area. 
Black - field outline, red - HD3D, blue -
original Mangala3D, green – 2004 2D, 

brown – 2003 2D, purple – 1996 2D

Following the discovery of oil at Mangala in 
January 2004 with the NB-1 well (later renamed 
Mangala-1) six appraisal wells were drilled in 2004. 
Further appraisal drilling continued in early 2006 
with the drilling of Mangala-7 & 7ST. 

Fatehgarh Group
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A Declaration of Commerciality was submitted 11th 
May 2004 and approved on 15th October 2004. In 
May-December 2004 a 455 sq km 3D seismic 
survey was acquired over the Mangala and 
neighbouring Aishwariya Fields. This survey was 
the first 3D seismic in the northern Barmer Basin 
and was recorded using a vibroseis source with a 6-
84Hz linear sweep and a bin size of 12.5 x 12.5m. 
Nominal fold was about 63.

Recording in the Mangala area was completed in 
October and processing of a fast track sub-volume 
(310 sq km) was completed 3 weeks later in 
November 2004. To reduce processing time a post 
stack rather than pre-stack time migration was 
carried out on this fast track sub-volume. Data 
quality of the post-stack volume is generally fair –
good but over field it becomes very poor at the crest 
where a prominent noise zone persists in the shadow 
of the western bounding fault. Low angle faulting in 
the Barmer Hill and upper Fatehgarh Formations is 
also interpreted to contribute to the loss of signal at 
this level. Data quality was sufficiently good to 
carry out a structural interpretation but detailed 
stratigraphic analysis of the reservoir, especially in 
the crestal part of the field, was not possible on this 
dataset.

The structural interpretation of the post stack time 
migration volume was used as the basis of the Field 
Development Plan submitted in October 2005.

The post-stack processing was followed by a pre-
stack time migration of the entire 3D dataset which 
was delivered in early 2006. Interpretation of this 
version of the dataset allowed additional faults to be 
identified. The pre-stack migration was able to 
make some improvements into imaging within the 
fault shadow zone, but lack of good velocity control 
and noise cancellation meant that data quality was 
still poor near the main bounding fault. A number of 
explanations have been proposed such as lower fold 
at the crest, shot generated noise, gas leakage into 
the shallow section and structural complexity 
associated with the faults giving rise to velocity and 
static uncertainty. All of these may contribute to 
reduced signal to noise ratio in the processed data.

What could be done to obtain better imaging of the 
faulted crestal area of the field? To improve the 
imaging, acquisition of a 3D survey specifically 
designed to address the issues associated with the 
Mangala Field was investigated.

High Density 2D Test Line

To address these issues it was decided to acquire a 
high density 2D test line over the structural crest 

and analyse the benefits of acquiring data with a 
short shot and receiver interval and high trace 
density. In addition, reduced source effort and 
increased high frequency vibrator sweep were 
evaluated. Geophysical technology has advanced 
rapidly in the last 5 years and high density recording 
and processing can yield considerable improvement 
in data quality and resolution.

In 2005, the experimental HD 2D dip line, CEI-
RJ05-395HD, was recorded over the crest of the 
Mangala Field. The 8m acquisition station spacing 
made it possible to simulate data with 16m and 24m 
station spacings and analyse differences. Prior to 
this, the standard spacing for production work was 
25m, which is very close to the 24m simulation.

The closer trace spacing provided non-aliased 
spatial sampling of much of the noise, which 
facilitates the use of better digital noise suppression 
filters. This is the keystone that leads to better 
velocity and statics estimation and higher resolution 
data. Analysis of the high density 2D data indicated 
that a station spacing of 8m (4m CDP spacing) 
would be sufficient to meet noise cancellation 
objectives (Figure 4).

The 2D test line has improved bandwidth by 15Hz 
compared to the original 3D (8-50Hz improved to 8-
65Hz bandwidth).

Several attempts were made to perform a pre-stack 
depth migration to address the imaging problems in 
the fault-damaged zone. While some improvements 
in imaging were achieved, it was clear that there 
was still signal energy that was imaged incorrectly. 
Attempts to improve the velocity models foundered, 
because of difficulties in interpreting the velocities 
in the over-burden. It was concluded that a critical 
precursor to solving the imaging problem at the 
reservoir level was achieving good imaging of the 
over-burden. 

In an attempt to better understand the shallowest 
layers four deep upholes (TD at circa 200m) were 
drilled around the fault zone. These identified a 
previously unknown buried low velocity layer to the 
west of the main boundary fault.

In conclusion, high density acquisition achieved a 
dramatic uplift in the signal to noise ratio and 
resolution of the processed data compared with prior 
production data (Figure 5). With high density 3D 
acquisition, the quality of the pre-stack data was 
expected to improve sufficiently for pre-stack 
analysis and stratigraphic interpretation to be 
attempted. 
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Figure 4: Comparison of 8m and 24m station interval data. Data are CMP gathers after noise suppression, statics and NMO 
correction. Left gather is in fault shadow zone and shows complex move out. Centre and right gathers are located down dip from 
boundary fault. Significant improvement in signal to noise ratio is achieved through the use of 8m station interval.

Figure 5: Comparison of HD 2D test line and original 2D line across Mangala. High density acquisition parameters have enabled 
a more accurate shallow velocity model to be used in processing. The result is a better, more geologically sensible image of the 
Fatehgarh reservoir (circled) in the fault shadow zone (left) when compared to the “standard” section (right)
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High Density 3D

Following the improvements seen in the HD 2D 
line, it was decided that a high quality 3D survey 
designed specifically to address the problems at 
Mangala would be required to provide adequate data 
for better imaging and reservoir characterisation. 
This would reduce the number of wells and optimise 
the location of wells in the Mangala Field 
development. The benefits of doing this are 
obvious.

The aims of the HD 3D were to provide 
improvements by acquiring data with high spatial 
sampling allowing retention of higher frequencies 
through better noise cancellation especially on the 
inner traces. Improved resolution has obvious 
benefits in terms of defining lateral continuity of the 
primary reservoir packages, particularly thicker 
units such as Fatehgarh FM3. Flow on effects 
includes more accurate static definition of the 
reservoir and dynamic modelling of fluid flow. 
Development wells will benefit from better location 
relative to potentially hazardous fault zones and a 
more targeted approach to reservoir packages. 
Drilling cost implications are self evident while 
more efficient drainage would seem likely. The 
more robust velocity solution obtained would 
improve imaging of the reservoir. 

A minimal survey outline (120sq km) was drawn up 
taking into account all the requirements necessary to 
obtain a fully migrated, full fold image of the 
reservoir. In planning the survey, considerable 
thought was given to using the survey as a base case 
for 4D monitoring of the reservoir and acquisition 
was designed to allow source and receiver locations 
to be re-established if required in the future. 

Recording commenced in August 2006 but severe 
flooding in Rajasthan caused the postponement of 
the survey for several months and it recommenced 
in March 2007. Recording was completed in May 
2007.

The primary technical objectives of the HD 3D 
survey design were:

Improved Noise Suppression

This has been achieved through the use of small 
station spacing and high density recording.  The 
survey was designed to take advantage of 3D FKK 
filtering in the cross-spread gather domain. An 
orthogonal design with equal source and receiver 
station intervals was chosen to achieve best possible 
noise suppression in this domain. The small, 10m, 
station spacing was designed to provide effective 
noise suppression through the zone described as the 
outer noise cone. It was recognised that the 
extremely low velocity events, present in the inner 
noise cone, would be under-sampled and thus some 
residual noise would remain in this zone after 
filtering.

The choice of 10m differs slightly from the 8m used 
in the HD test line because it became apparent in the 
detailed 3D planning that use of 8m station intervals 
would be inefficient given the capabilities of the 
then contracted acquisition crew. The modest 

change to 10m station spacing provided a design 
that facilitated high efficiency. 

The design provided a very high trace density, 2.4 
million traces per square kilometre, compared with 
0.4 for the original 3D survey. This gives 
substantially improved signal to noise ratio through 
higher ‘effective fold of stack’. In fact, because of 
the smaller bin size for the HD 3D (5 x 5m vs 12.5 x 
12.5m) the nominal CDP fold is almost exactly the 
same for the two surveys. The improvement in 
signal to noise ratio, compared with the older 
survey, is actually achieved in the 3D migration step 
in the processing, rather than in CDP stacking. 

Additionally, with its different offset distribution, 
the HD survey has a higher proportion of its traces 
contributing to the stack at the reservoir level than 
does the previous survey.

Improved Resolution at Reservoir Level

The limited the resolution over most of the previous 
survey was a result of moderate signal to noise ratio. 
Thus the critical step in improving resolution was 
the improvement of signal to noise ratio. This is 
discussed above. 

In addition, small arrays were chosen to remove any 
possibility of differential statics across arrays. A 
single vibrator and a small receiver array of 12 
geophones distributed in a circular pattern of 2m 
radius were used.

The sweep range was also increased, though in 
practice, this was expected to make more difference 
to the resolution in the over-burden section than at 
the reservoir level.

The high density 3D (HD 3D) was expected to have 
at least 10Hz improvement in bandwidth. In practice 
this has been exceeded and a 20Hz improvement is 
observed.  

Improved Image of Over-Burden 
Section

The previous survey lacked trace density at shallow 
levels. This was increased through use of smaller 
station and line spacings. Source and receiver line 
intervals were chosen to be 180m for the HD 
survey, whereas for the older survey they were 
300m and 250m respectively.

Small arrays sizes were also considered appropriate 
for improved imaging of the over-burden.

As part of the effort to improve understanding of the 
shallowest layers, a new deep uphole programme 
was undertaken. This provides data for mapping the 
low velocity layer, mentioned earlier. Initially this 
data is being used to provide a better statics model 
for time domain processing, and will later provide 
input to the shallow layers of a velocity model for 
depth migration.

4D Base-Line Capable

A number of features of the design were adjusted to 
ensure that the HD 3D survey would make a good 
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4D baseline survey, should that be required at some 
time in the future. The considerations included:

Repeatability of source and receiver locations was a 
high priority. Our objective was for better than 1m 
accuracy for every individual geophone and vibrator 
position. A single vibrator was used for source. This 
was positioned over a carefully surveyed peg, 
giving the required accuracy. A circular geophone 
array with radius of 2m, centred on the surveyed 
peg, provided a highly repeatable receiver station. 

The 3D plan included consideration of the location 
of the production facilities, although none of these 
were constructed at the time of data acquisition. Of 
particular concern would be the well pads, which 
are planned to be constructed over the field area. 
Where a source line crossed one of the proposed 
well pads, two sets of source points were recorded. 
The first crosses the well pad as close to the 
nominal line position as practical, giving the best 
possible 3D seismic response. A second set was 
acquired circumventing the well pad area. These 
provide repeatable source points for any future 4D 
monitor operation. 

Of some concern was the possibility that the 
disturbance to the ground caused by the construction 
may change the propagation of surface coupled 
waves. If this occurs, then there will be some
difference in the residual noise on the baseline and 
monitor surveys. Thus 4D differencing cannot be 
relied upon to suppress the residual noise and 4D 
success requires that the noise can be adequately 
suppressed independently on each data set, but in a 
4D consistent manner, such as FKK filtering. The 
small station spacing and high density are designed 
to achieve this.

During production operations, there will be some 
non-source noise that will be recorded on any 
monitor survey. It is assumed that any badly 
affected traces will be dropped along with their 
base-line pair in 4D processing. The high trace 
density ensures that this will not damage results, 
provided the noise is localised. 

Also of relevance was the use of standard industry 
equipment. Thus a monitor survey can be conducted 
by one of several contractors. This provides the 
business with the best possibility of being able to 
contract a suitable crew at the required time and at a 
reasonable price. 

High Production Efficiency

A number of efficiency related issues were 
considered. Of these, the source effort was the most 
significant. 

The previous survey used two vibrators, two sweeps 
per station and a sweep length of 10 seconds. 
Production rates averaged 323 VP/day (2.525 square 
kilometres/day). The High Density design increased 
the source density from 133 to 556 VP’s per square 
kilometre, an increase of over four times. Clearly, 
Cairn did not want corresponding increases in 
survey duration and cost. A major focus for 
increasing production rates was analysis of required 
source effort.

With generally low levels of background noise and 
modest target depth, large source effort was not 
necessary. Lower source effort was evaluated in the 
2D Test Line programme. It was determined that a 
single vibrator and single sweep were adequate. In 
areas of increased background noise, such as near 
roads and villages, the number of sweeps was 
increased to two without moveup. With these 
parameters and other production related initiatives, 
average production of 868 VP/day (1.56 square
kilometres/day) was achieved.

Summary/conclusions

A high density 3D seismic survey was recorded 
across the Mangala Field in a cost effective manner. 
Parameters were derived from analysis of data 
recorded along a high density 2D test line. 
Recording was acquired in a way that allows 
accurate repetition should a 4D monitor survey be 
required at some time in the future.  

Processing of the Mangala HD3D is still in progress 
however initial results are highly encouraging. The 
high density acquisition has enabled the successful 
implementation of noise reduction filters which will 
lead to a better image of the reservoir. Also, good 
quality shallow data allows for better location of 
major bounding faults and provides essential 
velocity information required for 3D pre-stack depth 
migration.  The imminent development of the 
Mangala Field will be greatly assisted by a product 
that will provide a better definition of crestal 
faulting and other structural complexities that have 
been poorly imaged in the past and better reservoir 
characterisation will help in minimising the total 
number of production wells required.
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