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Abstract

The surface expression of hydrocarbon seepage and hydrocarbon-induced alteration of soils and sediments can take many forms including (1)
anomalous hydrocarbon concentrations in soils, sediments, and waters; (2) microbiological anomalies and the formation of “paraffin dirt”; (3)
mineralogic changes such as formation of calcite, pyrite, uranium, elemental sulfur, and certain magnetic iron oxides and sulfides; (4) bleaching of
redbeds; (5) clay mineral alteration; (6) electrochemical changes; (7) electromagnetic and telluric changes, (8) radiation anomalies; and (9)
biogeochemical and geobotanical anomalies. These different manifestations have led to development of an equally varied number of geochemical
and non-seismic geophysical exploration techniques. These include direct and indirect geochemical methods, magnetic and electrical methods,
radioactivity-based methods, and remote sensing methods.

What are the benefits of using geochemical and non-seismic hydrocarbon detection methods in conjunction with conventional exploration methods?
In a review of more than 1100 US and International wildcat wells - all drilled after completion of geochemical or non-seismic hydrocarbon detection
surveys - more than 80% of wells drilled on prospects associated with positive hydrocarbon anomalies resulted in commercial discoveries; in
contrast, only 13% of wells drilled on prospects not associated with such anomalies resulted in discoveries. Although these methods cannot replace
conventional exploration methods, they can be a powerful complement to them. The need for such an integrated exploration strategy cannot be
overemphasized. This presentation will be illustrated with examples from geochemical surveys, aeromagnetic-micromagnetic surveys, passive and
active electromagnetic surveys, and remote sensing data.
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ABSTRACT

The surface expression of hydrocarbon seepage
and hydrocarbon-induced alteration of soils and
sediments can take many forms including (1) anom-
alous hydrocarbon concentrations in solils, sedi-
ments, and waters; (2) microbiological anomalies
and the formation of “paraffin dirt”’; (3) mineralogic
changes such as formation of calcite, pyrite, urani-
um, elemental sulfur, and certain magnetic iron
oxides and sulfides; (4) bleaching of redbeds; (5)
clay mineral alteration; (6) electrochemical chang-
es; (7) electromagnetic and telluric changes; (8)
radiation anomalies; and (9) biogeochemical and
geobotanical anomalies. These different surface
and near-surface effects and their varied surface
expressions have led to the development of an
equally varied number of geochemical and non-
seismic geophysical exploration techniques. These
include direct and indirect geochemical methods,
magnetic and electrical methods, radioactivity-
based methods, and remote sensing methods.

What are the benefits of using geochemical and
non-seismic geophysical hydrocarbon detection
methods In conjunction with conventional explora-
tion methods? In a review of more than 2600 US
and International wildcat wells - all drilled after
completion of geochemical or non-seismic hydro-
carbon detection surveys - more than 80% of wells
drilled on prospects associated with positive hydro-
carbon anomalies resulted in commercial discover-
ies; in contrast, only 11% of wells drilled on pros-
pects not associated with such anomalies resulted
in discoveries. Clearly, the benefits of such hydro-
carbon detection surveys are significant. Although
these methods cannot replace conventional explo-
ration methods, they can be a powerful complement
to them. The need for such an integrated explora-
tion strategy cannot be overemphasized. This pre-
sentation will be illustrated with examples from
geochemical surveys, aeromagnetic-micromagnetic
surveys, passive and active electromagnetic sur-
veys, and remote sensing data.

Effective in All Environments
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BASIS FOR GEOCHEMICAL AND NON-SEISMIC

HYDROCARBON DETECTION

Geochemical and non-seismic hydrocarbon
detection methods are based on the search for
chemically or geophysically identifiable surface
or near-surface occurrences of hydrocarbons
and their alteration products, which can serve
as clues to the location of undiscovered oil and
gas accumulations.

BASICS OF HYDROCARBON MICROSEEPAGE

@ All petroleum basin exhibit some type of sur-
face or near-surface hydrocarbon leakage.

@ The great majority of oil and gas accumula-
tions leak hydrocarbon gases to the surface.

@ Petroleum accumulations are dynamic and
their seals are imperfect.

@ Hydrocarbon seepage can be (1) active or

passive, (2) visible (macroseepage) only
detectible analytically (microseepage).

Hydrocarbon gases can move vertically
through thousands of meters of strata with-
out observable faults or fractures in relative-
ly short time (weeks to years).

BENEFITS OF GEOCHEMICAL AND NON-
SEISMIC HYDROCARBON DETECTION

Document an active petroleum system in the
area of exploration interest.

Direct detection of hydrocarbons and/or
hydrocarbon-induced changes.

High-grade basins, plays, or prospects prior
to acquiring leases, and/or before conduct-
ing detailed seismic surveys.

High-grade exploration leads and prospects
after seismic evaluation.

Generate unique geochemical or non-
seismic leads for further geologic and seis-
mic evaluation.

These methods are non-invasive and have
minimal environmental impact.

Prospects associated with hydrocarbon
seepage anomalies are 4 to 6 times more
likely to result in a commercial discovery
than prospects without such anomalies.
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HYDROCARBON MICROSEEPAGE MODEL

The existence of hydrocarbon microseepage is supported by a large body of empirical evidence,
including the following:

‘ An increase in non-methane light hydrocarbons as a reservoir is approached, as
evidenced during mud-logging.

@ Anincrease in soil gas concentrations at the surface above hydrocarbon reservoirs,

as well as an increase In the ratios of C2/C1, C3/C1, and C4/C1 over hydrocarbon
reservoirs.

Sharp lateral changes in hydrocarbon concentrations, and in the hydrocarbon ratios
at the edge of the surface projection of the oil-gas accumulation.

Carbon isotopic ratios for methane (and higher light hydrocarbons) in soil gases
which are very similar to that found in the hydrocarbon reservoilr.

Surface geochemical anomalies diminish and may disappear as reservoir
pressures decline during production, and the anomalies are re-established when
reservoir pressures are increased by reinjection of gas, water flooding, etc.

Ekofisk, North Sea MICROSEEPAGE MODEL
Halo Apical Halo

East to west seismic cross section showing low seismic velocity zone due to gas migration
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(from Yan den Bark and Thomas, 1980)

NON-SEISMIC METHODS FOR THE DETECTION OF HYDROCARBONS

Direct detection of hydrocarbons by analyzing soil gas, adsorbed soil gas, aromat-
ics and other higher hydrocarbons in onshore and offshore sediments.

Indirect detection of hydrocarbons and hydrocarbon-induced changes using micro-
biologic methods, trace elements, biogeochemistry, helium, etc.

Detection of hydrocarbon-induced changes to soils and sediments; detection of oll
slicks In oceans and In large lakes.

Detects hydrocarbon-induced mineralization at shallow depths in sediments above
oil and gas accumulations; applicable onshore and offshore.

Detection of hydrocarbon gases, principally ethane or propane, in atmosphere.

Gamma radiation surveys to detect the generally low radiation values at the surface
above hydrocarbon accumulations.

Several different methods to detect hydrocarbon-induced changes in sediments

above hydrocarbon accumulations, or to directly detect resistive-hydrocarbon bear-
ing formations.

These methods include (1) Induced Potential, IP, (2) Controlled source audio
magnetotellurics, CSAMT, (3) Marine Controlled source electromagnetics, CSEM, (4)
Multi-transient electromagnetics, MTEM, and (5) passive electromagnetics and pas-
sive tellurics.
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SATELLITE DETECTION OF SEEPAGE AND MICROSEEPAGE

Satellite-based remote sensing of hydrocarbon-induced alteration of soils and sediments holds great promise
as a rapid and cost-effective means of detecting areas of elevated hydrocarbon seepage and microseepage.
The leakage of hydrocarbon gases creates an oxidation-reduction cell which leads to humerous geochemical
and mineraloic changes in soils and near-surface sediments. Among the changes that occur in chemically
reducing environments associated with hydrocarbon seepage are (1) reduction of iron from a ferrous state to a
ferric state, (2) conversion of feldspars and micas to clay minerals, and (3) the replacement of mixed-layer clays
by kaolinite. These and other changes can be detected by analysis of satellite imagery, as well as by
hyperspectral analysis of soils, sediments, and vegetation.

ONSHORE APPLICATION

The first example is from the Masilah basin, onshore Yemen, and illustrates a seep-induced remote sensing
anomaly and the results of a ground-truth surface geochemical survey across that anomaly. Of 22 remote sens-
ing anomalies evaluated independently by surface geochemistry, 18 were associated with strong hydrocarbon
seepage - as seen in the example below.

Sorbed Soil Gas (SSG) Analysis C4/(Co+C3) vs C3/(C3+Cy)
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OFFSHORE APPLICATION

In offshore areas, satellite detection of oil slicks represents a highly effective and low-cost technique for
reducing the risk of hydrocarbon source and hydrocarbon charge in high-cost exploration environments,
such as the deep and ultra-deep waters off Africa, North America, and elsewhere. Satellite seep data enables
pre-lease high-grading of basins and plays, and identifies locations for follow-up surface sampling to char-
acterize geochemically the composition and origin of the seeping hydrocarbons. The examples that follow
illustrate the nature of oil slicks in the Gulf of Mexico, the South Caspian Sea, and in the Lower Congo basin.

1 * n':“.l.H_IE. e i_.l-_‘” 1: -
Gulf of Mexico Oil Slicks P s
Pollution (natural film
slick); (b pofiution

(after MacDonald et al., 1996, AAPG Memoir 66, p. 27-37)

An illustration of overlapping oil slicks from the Green
Canyon area of the Gulf of Mexico, showing how the
location and areal extent of the oil slick varies with time
due to changing sea surface conditions and currents.

1 lf"-";# m!. i

;:-'Ir:TIH'F. 13, Iypical seepare slick (rank | seeps), Lower Conga
15110, — —

E ERS-1 arbit 11250 (Sept. 1893) SUATR — 1 - BOGODO

Seep slickon Lundsat TM198T 1 %}
10 km

it - _._.-_I.: ':‘hh.:'qu
T . Soep slick on ERS 1996 tandem. L&
| ERS-1orbil 94759518 (May 1383) —— (R soeeratis, " P Sich s SRS AR U
100000 1t | A M i, ——  Saep slick on ERS 1958 day leter

—_—— e R e ————
Landsat TM p22, r41 (July 1951)

< Muure 15, Soulh Casplan Basin, typical seepage slicks (rank 1), (a) Multiple, repeating seepx:
o

Shuttle photo S30-151-028 (May 1989)
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Studies in Geology, Number 48, p- 324-347.
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SURFACE GEOCHEMICAL EXPLORATION OF OIL AND GAS

Surface indications of oil and gas seepage have been noted for thousands of years, and such visible seeps
have led to the discovery of many important oil producing areas. The underlying assumption of all near-surface
geochemical exploration methods is that hydrocarbons are generated and/or trapped at depth and leak in vary-
ing but detectible quantities to the surface. Detailled geochemical surveys and research studies document that
hydrocarbon microseepage from oil and gas accumulations is common and widespread, is predominantly verti-
cal (with obvious exceptions in some geologic settings), and is dynamic (responds quickly to changes in reser-
voir conditions). The mechanisms for hydrocarbon migration and microseepage are still not well understood,
but present evidence suggests that the likely mechanism for microseepage is buoyancy of gas microbubbles.

Although several dozen different surface geochemical methods have been developed over the years, two meth-
ods in most common usage involve the analysis of soil gas hydrocarbons and the analysis of hydrocarbon-
oxidizing microbes in soils. The following examples illustrate the results of surface geochemical surveys from

a variety of geologic and environmental settings.
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AEROMAGNETICS -- MICROMAGNETICS: SEEPAGE-INDUCED MAGNETIC ANOMALIES

The presence of magnetic anomalies over oil and gas fields has been noted for several decades, but it is only in recent
years that the phenomenon has been critically examined. Studies of geologically and geographically diverse regions
document that (1) authigenic magnetic minerals occur in near-surface sediments over many petroleum accumulations,
(2) this hydrocarbon-induced mineralization is detectable in high resolution, broad bandwidth magnetic data acquired
at low altitude and with closely-spaced flight lines, and in ground magnetic surveys, (3) the magnetic susceptibility
analysis of drill cuttings and near-surface sediments confirms the existence of the aeromagnetic anomalies, (4) sedi-
ments with anomalous magnetic susceptibility frequently contain ferromagnetic minerals such as greigite, maghemite,
magnetite, and pyrrhotite, and (5) more than 80% of oil and gas discoveries are associated with hydrocarbon-induced
magnetic anomalies.

The association between hydrocarbon seepage and the formation of

authigenic magnetic minerals in the near-surface has important applica- - A

tions in hydrocarbon exploration. Application of this methodology can /| [Wiagnetic Fieid Profi
quickly identify the areas or prospects with the greatest petroleum poten- | [

tial. Although the discovery of shallow sedimentary magnetic anomalies

does not guarantee the discovery of hydrocarbon accumulations, it does e~
identify areas requiring more detailed evaluation, thereby focusing atten-
tion and resources on a relatively small number of high potential sites. |

Authigenic magnetic mineralization in shallow sediments above hydrocar- _ usoon_Piein

bon deposits create subtle but recognizable change in the magnetic field —EE— - —
profile. Removal of the magnetic effect of deeper basement rocks produces e Dry hole

the Sedimentary Residual Magnetic (SRM) profile. Only then can the low-

level magnetic effects created by hydrocarbon microseepage be identified

as SRM anomalies. OilGas

The Magnetic Bright Spot (MBS) represents an interval of magnetically-
enriched sediment or sedimentary rock which overlies an oil or gas accu-
mulation. The areal extent of the MBS approximates the productive limits of
the oil or gas accumulation.

Onshore Example: El Huerfano Field, Texas

The El Huerfano gas field is located in Zapata County, south Texas, and produces from the Cretaceous Edwards Forma-
tion. The field was discovered in 1977, however, the main phase of field development occurred between 1985 and 1997.
The adjacent figure (left) shows the drilling status as of 1985 and the location of a large, well defined MBS anomaly
based on 1985 aeromagnetic data. The second figure (right) shows the striking correlation between the 1985 outline
of the MBS anomaly and the 1997 gas field boundary.
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Offshore Example: Thunder Horse Field, Gulf of Mexico

This is an example of anomaly resolution in deep water; water depths are 1675-1980m (5500-6500 ft). The large MBS
anomaly in Mississippi Canyon blocks 732, 776, 777, 778, and 882 includes the BP/Exxon Mobil discoveries of Thunder
Horse and Thunder Horse North fields. Seven wells are shown; well status is for August 2003. Estimated reserves are
up to 3 billion barels, making these fields the largest in North America south of Prudhoe Bay.

The color contour map illustrates the distribution of the MBS anomalies and compares drilling status of July 1990 with
August 2003.
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ELECTRICAL AND ELECTROMAGNETIC DETECTION OF HYDROCARBONS

The main electrical and electromagnetic methods available for the detection of hydrocarbons are:

The IP method attempts to detect the alteration zone or “pyrite chimney” caused by microseepage from hydrocarbon
reservoirs into iron-rich sediments near the surface.

[ERETITTIME (ST |

_ _ . . CSAMT RESIDUAL RESISTIVITY PH()F’ILE
The CSAMT method measures electrical field and magnetic field, and detects the Arkoma Basin, Oklahoma

electrical low resistivity zone associated with the hydrocarbon leakage “chimney”
present over many oil and gas fields.

The example here illustrates a well-developed electrical resistivity anomaly over
the Ashland gas field in the Arkoma basin, Oklahoma. The anomaly consists of a
shallow high-resistivity zone (calcite-cemented sands) above a very prominent low
resistivity zone, or conductive chimney.

CSEM imaging is a relatively recent development that uses electromagnetic ener- i@

gy to detect electrically resistive, including hydrocarbon reservoirs, beneath the EaEe.

seafloor. A powerful EM source towed close to the seafloor emits low frequency [ ==
energy into the subsurface. Lines or grids of receivers detect EM energy that is [FiE——
propagated through the sea and the subsurface. Processing and modeling, B . &
including inversion and depth migration of EM data, results in maps and cross- [Eadeirma men

geophysical or drilling investiga unEMmerﬁea re resistivit

sections that show the location and depth of resistive bodies. e e

ﬂwaﬂmmartesrmnywm:v

Py EI mple (fop) and thraa EN prospects ane showr
{hﬁﬂmn} he EM pr spm,tam nfirm two of the aursmlr:
prospects, but not the third. A fourth prospect, which
detected by the seismic survey, s I'E-'l.IBﬂlHI“}],ﬂIEM can.

The MTEM technique produces resistivity profiles over prospective reservoirs to determine whether or not hydrocar-
bons are likely to be present. Application of MTEM entails injecting a series of pulse-coded electrical transient signals
into the subsurface and measuring the voltage response between pairs of receiver electrodes along the logging pro-
file. The process is repeated multiple times to acquire a detailed vertical and lateral resistivity profile. Although the
MTEM methodology can be used in the marine environments, most of its applications to date have been from onshore
locations.

The Wave Technology Group (Houston TX) has developed a nhew and powerful technol-
ogy for electromagnetic sounding (or logging) of the subsurface. This passive electro- .
magnetic “logging” tool has been shown to reliably determine the depth and thick- ~' E:::EE-EE

ness of major stratigraphic units and, more importantly, the presence of and depth to EEms et
hydrocarbon-bearing zones before drilling. EE=Sas

ZE=Sss PI Technology -

; E .E : :“ | i
This technology, called Power Imaging --- Pl, is an outgrowth of research conducted at e =Eﬁi}§iﬁﬁi:ﬁ!wl

Lawrence Livermore Labs in the 1970s (Lytle and Lager, 1976). The power grid induces Eess=s=ss S
electromagnetic waves in the earth; these waves are at specific frequencies which are _===%"' E'E'E'ii.::ﬂg::.:ﬁf |
harmonics and subharmonics of 60 or 50 cycles, depending on the local power grid. 'inl.lﬁ!'ﬁﬁﬂiil‘%
The waves propagate as plane waves and encounter the various geologic boundaries. =SS :
Those boundaries having dielectric and/or conductivity contrast reflect a portion of the
waves back to the earth’s surface. In this manner, waves become organized such that sS==co=So G ST S

there is a direct relationship between the many resonating frequencies and the depths E=s=s : E-!E!!’-Iﬁﬂ“j;%ﬁﬁ!
to the various geologic boundaries. i s
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Because of the electrical contrast between hydrocarbon-bearing rocks and their sur-
rounding formations, an electromagnetic signature can be detected by measuring the
resonant frequencies at the earth’s surface. Interpretation of this signature yields an
Electromagnetic Hydrocarbon Indicator -- EHI, thereby allowing for the direct detection
of hydrocarbons, along withy the depth and approximate thickness of the hydrocar-

bon-bearing interval. To date, this technology has been successfully tested at depths
ranging from 450-4875 m (1500-1600 ft).

Passive telluric survey methods and instruments have been available since the 1980's and this telluric technology is
available from a number of individuals and companies. Passive telluric measurements are made from the ground sur-
face using hand-carried equipment. Supporters of the technology claim that telluric measurements can reliably deter-
mine depth to formation tops and the presence and depth of hydrocarbon-bearing zones.

Telluric currents are a spectrum of alternating currents (AC) whose frequencies are in the audio range (between 0-
20000 hz). These currents can be detected by a very low frequency receiver connected to an integral antenna, both
enclosed within a field-portable box. There does not yet appear to be a satisfactory scientific theory to explain the
mechanics of passive telluric measurements. The generally accepted theory seems to be based on solar plasma ener-
gizing the ionosphere which in turn generates an electromagnetic field which bathes the earth. That field generates AC
telluric currents in the earth whose frequencies are dependent on the depths from which they were regenerated.
These currents are then modulated by electrical transients create by lightning strikes around the world.

Although some explorationists are highly enthusiastic about passive telluric methods, conventional geophysicists
remain highly skeptical about the technology and its scientific basis.

What is the economic benefit of incorporating geochemical and non-seismic geophysical hydrocarbon detection
methods in your exploration strategy? Can it be quantified? One way to do so is to compare survey results with the
result of subsequent drilling and production. Numerous such case histories have been reported.

Non-seismic hydrocarbon detection methods cannot replace conventional exploration methods, but they can be a
powerful complement to them. Geochemical and other hydrocarbon detection methods have found their greatest utili-
ty when used in conjunction with available geological and geophysical information. The need for such an integrated
approach cannot be overemphasized. Properly applied, the combination of surface and subsurface exploration meth-
ods has the potential to reduce exploration and development risks and costs by improving success rates and shorten-
iIng development time.






