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Helicopter magnetic survey conducted
to locate wells

In preparation for a CO, flood, the survey was used to fill the gaps
in a database of wells drilled during 90 years of operations.

Garret A. Veloski and Richard W. Hammack, National Energy Technology Laboratory;
Vicki Stamp, Roger Hall and Kenny Colina, Rocky Mountain Qilfield Testing Center

A helicopter magnetic survey was
conducted in August 2007 over 15.6 sq
mi at the Naval Petroleum Reserve No.
3’s (NPR-3) Teapot Dome Field near
Casper, Wyoming. The survey’s purpose
was to accurately locate wells drilled
there during more than 90 years of con-
tinuous oilfield operation. The survey
was conducted at low altitude and with
closely spaced flight lines to improve the
detection of wells with weak magnetic
response and to increase the resolution
of closely spaced wells. The survey was
in preparation for a planned CO, flood
for EOR, which requires a complete well
inventory with accurate locations for all
existing wells. The magnetic survey was
intended to locate wells missing from
the well database and to provide accu-
rate locations for all wells. The ability of
the helicopter magnetic survey to accu-
rately locate wells was accomplished by
comparing airborne well picks with well
locations from an intense ground search
of a small test area.

INTRODUCTION

Teapot Dome Field at NPR-3 has
been producing oil, natural gas and gas
liquids since 1915. Within NPR-3, there
are about 600 producing wells in nine oil-
bearing formations.! The Rocky Moun-
tain Oilfield Testing Center (RMOTC)
was established in 1995 at NPR-3 as a
field-scale testing center for the develop-
ment of oilfield technologies. Although

there are significant oil reserves remain-

"Brand name products described in this article are
intended to facilitate understanding and are not
endorsed by the US Department of Energy.

ing, estimated at 207 million bbl based
on DOE reserves data, the field is cur-
rently producing only 200-250 bopd.

In preparation for a proposed CO,
flood, RMOTC implemented a com-
prehensive helicopter magnetic survey to
eliminate errors and omissions in its well
database. The survey was intended to verify
or correct the position of known wells and
to locate undocumented wells that may
exist. In CO, EOR operations, it is critical
from both an economic and a safety per-
spective that all wells be located and evalu-
ated, as they could be conduits for CO,
migration to overlying formations or the
surface. A similar survey was conducted in
2005 at Salt Creek Field, just a few miles
north of NPR-3, also in preparation for
a CO, flood.? In that study, a helicopter
magnetic survey was flown over a 1-sq-mi
test area, using the Fugro Midas™ system
ata planned altitude of 115 ft. The survey
results, which included a detailed ground
reconnaissance, showed that 133 of 139
known oil wells (96%) were detected.
Ground-level magnetic surveys over well
locations not detected by the helicopter
showed weak magnetic response of these
wells, too weak to be detected by magnetic
sensors at a 115-ft altitude. It was con-
cluded that future airborne surveys should
be flown at a lower altitude to increase the
likelihood that wells with a weak magnetic
response would be detected.

TECHNICAL APPROACH
Airborne magnetic data was collected
by Fugro Airborne Surveys from a heli-
copter platform over the 15-sq-mi NPR-3
oil field. The magnetic survey system that
was used employs two cesium vapor mag-
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netometers on opposite ends of a trans-
versely mounted, 44-ft-long horizontal
boom located amidships. Each magnetic
sensor had an in-flight sensitivity of 0.01
nT. Real-time compensation of the mag-
netic data for magnetic noise induced by
aircraft maneuvering was accomplished us-
ing two fluxgate magnetometers mounted
just inboard of the cesium sensors.

The survey flight plan prescribed a
north-south flight direction at a 65.6-

Fig. 1. RMOTC’s NPR-3 oil field. A color-
shaded relief grid of the toroidal-field
magnetic data shows numerous well
anomalies.
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ft altitude with nominal line spacing of
82 ft to optimize the resolution and de-
tection of well targets. At an 80.8-mph
ground speed and a 10-Hz sampling
rate, the along-line data interval was
about one measurement every 11.8 ft.
Position information was acquired by
a differentially corrected GPS receiver
aboard the helicopter and augmented by
ground base stations.

The magnetic data was processed to re-
move diurnal variation and time-lag cor-
rected for sensor position error. Between-
flight line leveling was accomplished using
tie-line data that was acquired by flying
four lines at a specified interval orthogo-
nal to the main survey. A laser altimeter
provided the absolute altitude informa-
tion. Additional processing for the auto-
mated selection of anomalies in the grid-
ded magnetic data was performed using
Geosoft Oasis Montaj. Spatial analysis of
the selected anomalies was accomplished
using ESRI ArcMap.

A GPS receiver employing a satellite-
based, real-time differential correction
service to improve accuracy was used in
the field to verify well positions. Data
was logged on a handheld computer and
incorporated into a Geographic Infor-
mation System (GIS) using
ESRI ArcPad.

RESULTS AND
DISCUSSION

The NPR-3 survey resulted
in more than 932 line-mi of
data over an area of 15 sq mi,
Fig. 1. Bidirectional grids of to-
tal magnetic field intensity were
prepared using either indepen-
dent or averaged data from the
two magnetic sensors. Figure 2
contains grids generated using
data collected from each mag-
netic sensor independently and
data acquired by averaging the
response of the two magnetic
sensors. Grids generated from
independent sensor data were
found to better resolve the mag-
netic response of nearby wells.

The Blakely algorithm in
Geosoft Oasis Montaj was
used to automatically select
peaks from the gridded mag-
netic data; a total of 2,355 tar-
gets were selected. Because the
most current NPR-3 database
contains only 1,353 complete
well records, some of the se-
lected targets are undocument-
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Fig. 2. Color-shaded maps of TF
magnetic data in which the response of
the two magnetic sensors is averaged
(left) and treated as two separate
measurements (right). Note that nearby
wells are better resolved when the
sensors are treated as independent
measurements. The same color and
distance scales used for both grids.

ed wells or ferromagnetic objects that are
not wells. The geographical locations for
wells in the NPR-3 database were com-
pared with the location of targets select-
ed from the gridded Toroidal-Field (TF)
magnetic data. To allow for expected
positional inaccuracies in both datasets,

a spatial join between magnetic targets
and the NPR-3 well database was per-
formed using distance criteria of 49 ft.
The selected magnetic targets matched
889 of 1,353 well records (66%). In ar-
eas of high well density, more than one
target was spatially related to a single well
record in the NPR-3 database.

The effectiveness of helicopter well
detection was evaluated by compar-
ing airborne results with results from a
ground search of a 0.2-sq-mi test area
containing closely spaced wells, Fig.
3. High-accuracy GPS positions of all
marked wellheads and certain other fer-
rous metal infrastructure were collected
and entered into a GIS. The ground
survey located 29 marked wells; all were
within 50 ft of a corresponding well data-
base location and were correctly named.
However, the 29 wells found constitute
only 39% of the 75 well locations in the
NPR-3 well database for that area. Twen-
ty-eight of the 29 validated wells (96%)
were selected as magnetic targets by the
helicopter survey. Forty-six wells in the
NPR-3 database could not be located
on the ground and were not targeted by
the helicopter magnetic data. Of the 46
unfound and untargeted wells, 42 were

less than 532 ft in total depth
and designated as plugged and
abandoned. Some wells, espe-
cially in the northeast corner of
the test plot (Fig. 3), were less
than 65.6 ft apart and proba-
bly were not resolved using he-
licopter magnetic data. Some
helicopter magnetic targets not
associated with well locations
in the NPR-3 database may
be undocumented wells, but
a ground magnetic survey and
excavation will be needed to
confirm the wells’ existence.

In the magnetic data from
the NPR-3 survey, some well
anomalies are much more in-
tense than others. This was

 also seen in magnetic data

IE acquired during the 2005 he-

licopter survey of Salt Creek
5 Field.? Tt was there that older
wells were first observed to

k18 exhibit a stronger magnetic re-
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Fig. 3. Map showing GPS locations of ferrous metal features,
well locations from the NPR-3 well database, and helicopter
magnetic targets in a 0.2-sq-mi test plot within the airborne
magnetic survey area at NPR-3. Background is a sun-shaded,
color-scale map of TF magnetic intensity from the helicopter
survey overlain on a geo-rectified air photo.
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sponse than more recent wells.
These observations were inde-
pendent of total depth, as most
wells were completed within a
narrow range of depths. At
NPR-3, early wells also exhibit

a greater magnetic response in
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Fig. 4. Dashed circles on this sun-shaded, color-scale map of TF magnetic intensity
depict the location of wells drilled before 1930. Total well depths range between 1,500
and 3,100 ft; survey altitude was between 55.8 and 75.5 ft.
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Fig. 6. Scatter grams depicting relationships between the total magnetic field intensity
and well spud dates (a), total depth (b) and cumulative casing weight (c).

the helicopter magnetic survey data. To
ensure that this measurement was not a
gridding artifact or some other process-
ing error, individual flight lines were first
buffered to a 16.4-ft width and the mag-
netic signal profiles of the underlying
well targets were extracted and examined
in a GIS. The maximum grid-derived
TF magnetic values for selected targets
were then compared to the maximum
flight-line TF magnetic values detected

at the intersection of the targets and the
buffered flight lines. Because magnetic
response diminishes rapidly with dis-
tance, the dataset was further processed
to exclude all targets significantly outside
the planned survey altitude of 65.6 ft.
An altitude window of 55.8-75.5 ft (one
standard deviation) was selected. Figure
4 is a subset of magnetic anomalies meet-
ing these criteria that depict wells drilled
before 1930 (yellow dots). This figure
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Fig. 5. Absolute altitude grid derived
from laser altimeter data.

shows the association of more intense
TF magnetic anomalies with older wells
(yellow dots). Most early wells (85%)
were plugged and abandoned.

Limited areas of the helicopter mag-
netic survey were not terrain compliant
(i.e., they were outside the altitude win-
dow) because of abrupt topographical
changes and maneuvering to avoid ob-
stacles. Terrain conformity in the NPR-3
airborne survey can be seen in the grid-
ded laser altimeter data presented in Fig.
5. Deviations from the planned 65.6-ft
altitude were coincident with steep ter-
rain and power lines.

The spatially joined NPR-3 well data-
base/magnetic target database was further
interrogated to identify possible correla-
tions between the observed TF magnetic
intensity over a well target and attributes
of that well such as casing length, diam-
eter or mass. Figure 6a shows that most
early wells at NPR-3 (before 1930) ex-
hibited a significantly higher TF mag-
netic response compared to more recent
wells. Figures 6b and 6¢ show only weak
positive correlations when comparing
total well depth and cumulative casing
weight to TF magnetic response. Only
magnetic target data intersecting the
flight path and conforming to the pre-
scribed survey altitude (9.8 ft) were
used in the comparisons.

Many database wells produced very
weak or undetectable TF magnetic re-
sponses. The majority of these “weak
anomaly” wells were drilled more recent-



ly than 1970. Although high-resolution
satellite imagery clearly shows pumping
units or other surface evidence of wells
near some NPR-3 well locations, no dis-
cernable positive TF magnetic anomaly
is observed. One example (Fig. 7) shows
negative anomalies in the gridded mag-
netic datasets, even though well pads
and pumping units were observed in the
imagery underlay and the well locations
were confirmed in the database. In Fig.
7, a surface pumping unit is seen at loca-
tion A. Ordinarily, a positive, monopole-
type anomaly would be observed as with
the surrounding wells and in most of the
dataset. Well A is a producing well with
a total depth of 2,024 ft and 440 ft of
8% in. steel casing that was completed in
1987. Well B (4,125-ft TD, steel-cased
8% in. to 531 ft, completed in 1977) also
gives rise to an apparent negative anom-
aly. The ground tracks of both magnetic
sensors are depicted in Fig. 7 to illustrate
the interline data interval and to confirm
that data were acquired almost directly
over the features. The profiles in Fig. 7
show the TF magnetic responses from
each sensor along segments of flight line
over locations A and B. The flight ald-
tude was 70.9 + 1.3 ft over the entire
data subset in Fig. 7.

The induced magnetization of steel
well casing is known to be dependent on
the strength of the inducing field, the cas-
ing’s diameter, length and orientation, and
the magnetic susceptibility of the metal
comprising the casing. The variation in
the earth’s magnetic field (inducing field)
across the NPR-3 survey is insufficient to
explain the observed differences in the TF
magnetic intensity. Scatter plots in Fig. 7
show that there is no strong positive cor-
relation between the observed TF mag-
netic intensity and casing length or mass.
All well casings were vertically oriented.
Therefore, the differences in observed TF
magnetic intensity must be attributed to
differences in the metal casing’s magnetic
susceptibility or remanent magnetism.
Although no metallurgical data for the
pipe used in the early wells in NPR-3 was
found, presumably steel manufactured at
different times or from different suppliers
would have different metallurgical prop-
erties and differences in magnetic suscep-
tibility. Many steel objects, like well cas-
ing, will develop remanent magnetization
when manufactured, and the degree and
direction of magnetization will depend
on the manufacturing process, the loca-
tion and even the direction relative to
the earth’s magnetic field as the metal
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Fig. 7. Magnetic field profiles along flight line segments over two known steel-cased
wells. Total depths are 2,024 ft for Well A and 4,125 ft for Well B. The direction of flight

over both wells was south.

cools. Further cold-forging or machin-
ing for the metal will often reduce the
magnetization. Separate segments of the
casing may have magnetization in simi-
lar or different directions, enhancing or
minimizing the total magnetic anomaly.
Older wells may exhibit more remanent
magnetism because well casings in early
cable tool drilling operations would ac-
quire magnetization,? which caused dif-
ficulty measuring depths, as steel mea-
suring tapes held to the casing wall. The
magnetization was attributed to “jarring
of the drilling tools.” Strong electromag-
nets were also used to retrieve lost tools.
Cable tool drilling was used for the early
wells at NPR-3, which might indicate
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that remanent magnetization contributes
to the increased TF magnetic response
above older wells.

The degree of corrosion can negatively
affect the magnetic response of steel well
casing because the products of corrosion
are only weakly ferromagnetic. Anec-
dotal evidence from workers in this oil
field suggests that newer casing is more
susceptible to corrosion, which might
explain the reduced magnetic response of
newer wells. However, older wells have
had longer to corrode. An evaluation of
casing retrieved from wells with a wide
variety of magnetic responses is needed
to conclusively determine the cause of
aberrant magnetic responses.
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CONCLUSIONS

The helicopter magnetic survey at
NPR-3 successfully located many well
anomalies; well locations interpreted
from TF magnetic anomalies were con-
sistently more accurate than locations
in the existing well database. Only 889
of 1,353 well records (66%) matched
airborne or ground magnetic targets to
within 50 ft. In areas of high well density,
associating well locations from the data-
base with well picks from the magnetic
data is a formidable task. Some wells were
too close together to be resolved and can
be located with certainty only by ground-
based magnetic surveys. There are likely
to be undocumented wells at NPR-3 that
can only be located by thorough ground
reconnaissance guided by the results from
the airborne magnetic survey. Conversely,
there are well locations in the NPR-3 da-
tabase that have been corroborated by
high-resolution imagery but were not
identified by the helicopter survey be-
cause magnetic anomalies were weak,
absent or even negative. Most of the un-
detected wells were shallow (<500 ft) and
relatively recent, drilled after 1970.

Variations in the TF magnetic re-
sponse that cannot be explained by dif-

Article copyright © 2009 by Gulf Publishing Company. All rights reserved.

ferences in casing length, diameter or
mass may be due to differences in pipe
metallurgy, and therefore, magnetic sus-
ceptibility. Enhanced remanent magne-
tism resulting from drilling practices in
the cable tool era may have increased the
magnetic response of early wells. WO
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