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Introduction
Geochemical soil gas surveys provide a cost-effective means to explore for oil and gas at the near-surface. This method is based on the sampling and analysis of light hydrocarbons and fixed gases in soils that have migrated in mostly a vertical direction from underlying hydrocarbon reservoirs. All reservoirs of oil and gas leak to a certain extent. The concentration patterns or surface anomalies of these microseeps can be reliably related to a petroleum or gas accumulation at depth. Application of cost-effective geochemical technologies, such as the Petro-Find method, in coordination with seismic can substantially reduce exploration risk, increase discovery ratios and accelerate the development of hydrocarbon onshore resources. Such surveys can also predict whether the surface anomalies represent heavy/light oil, condensates or gas and whether one or more petroleum systems exist.
Junior and medium-sized oil/gas companies are currently faced with a dilemma: how can they maintain production and reserves in the face of serious impediments such as tightening capital markets. Continuing operations based on cash flow is contingent on managing risk at all stages of the hydrocarbon exploration cycle from land acquisition to drilling. Whether the current depressed condition of certain sectors of the oil and gas industry is cyclical or structural is a major subject of debate in oil circles. Risk-oriented exploration such as wildcatting can still make sense if risks are fully evaluated by advance techniques. Results can be enhanced if such techniques are used for revitalization of mature and abandoned oil fields.

Sampling Method
For dry soils, a cordless rotary drill is used to drive a non-plugging hollow probe of stainless steel probe to an average depth of 2.5 feet, or well into the C-Zone of the soil profile to avoid contamination by any methane or CO2 resulting from biological activity at the near surface. Once the probe has been driven to the desired depth, a syringe is used to extract 30cc of soil gas through a septum at the head of the probe.  This is discarded to purge the inner volume of the probe. A sample of 24cc is then extracted and injected through the septum of a 12cc vial. The vials are inserted into holes in Styrofoam and placed in a box for transport to the lab. Another operation at the sampling site is the recording of coordinates by GPS.
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Figure 2. Sampling Techniques





For wet sediments, muskeg and swamps, a passive probe is used to sample the low concentrations of hydrocarbons and CO2 in water (Figure 2). A cordless rotary drill is used to drive the passive sampler to an average depth of 2.5 feet below the surface to avoid the possible effects of barometric pumping. The sampler is left for 12 hours in the ground to allow the hydrocarbons and CO2 in water to equilibrate with the ambient air in the stem of the probe. Diffusion of these gases into and out of the passive sampler moves in the direction of lower concentration. The same procedure for extracting a sample from the soil gas probe is applied, although no purging is required. 
A Petro-Find geochemical survey program begins with the preparation of sample vials and replacing the septa in the probes. Shown in an accompanying picture is the apparatus for the evacuation of vials down to 1/5 Torr so that a sample extracted by a syringe is not contaminated with residual ambient air. Also shown is a picture of three types of vials used for sampling. To avoid breakage in transit to the laboratory, the glass vials are inserted into holes cut into Styrofoam and placed in firm boxes. The evacuation system is of Petro-Find’s own design. 

The accompanying graph depicts the results of a containment study using helium and hydrogen to ascertain if the vials are subject to leakage. Leak-proof sample vials are particularly important for frontier and international projects because of the time lag between sampling and analysis. No leakage was detected in the 3.5 week testing period. Further testing showed no leakage over a period of five weeks.  It is expected that the containment of methane, the lightest of hydrocarbons gases but 16 times heavier than hydrogen, will not leak for months after the sample is taken. 
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Sampling Programs
Soil gas surveys present unique field access problems depending on whether they are of the reconnaissance or high-density type or whether the pattern is grid or non-grid. Grid surveys are conducted in areas usually occupied by farmlands and ranches where surveyed roads provide easy access. However, a highly mobile sampling system with a small environmental imprint is required to access farmers’ and ranchers’ fields and pastures that may be fenced and in crop.  This is also the case for non-gridded areas such as forests, pasture and hilly glacial tills where access is usually by trails or logging roads. Walking may be the only option to reach certain areas.
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In general, the basic approach to any exploration program is to use methods that provide the maximum information at the lowest cost possible. Accordingly, reconnaissance surveys, say on one-mile centers, are conducted first to assess the oil and gas potential of an area. Once the anomalous trends are established, higher density surveys (400-meter spacing or less) are conducted to further define the aerial extent and configuration of the anomalies. A correlation of surface anomalies with depth and type of structure found by seismic provides a scientific basis for successful drilling. 

Ideally, geochemical soil gas surveys should be conducted before any seismic because they are far less expensive, are a direct indicator of the existence of hydrocarbons at depth; and can reduce follow-up seismic costs (i.e. fewer and shorter transects if focused on only anomalous trends). Therefore, seismic should be used in a complementary fashion with geochemistry - they both have a role to play in cost-effective exploration. This approach leads to higher discovery ratios and a major reduction of risk.

Pictured here is a C2+ contour map of a reconnaissance soil gas survey over a 400 km2 area in Canada. The results clearly show that more than half of the area can be eliminated from further exploration. Narrowing down the search with reconnaissance soil gas surveys is the key to any cost-effective exploration program. This reconnaissance survey was followed by a high-density survey in the prospective area to define the anomalies and identify drillable locations.
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Analysis

Cost-effective analysis requires a qualified chemical analyst and a high-end gas chromatograph. To obtain a high linear dynamic the gas chromatograph must be properly calibrated each day with all the individual gases expected to be measured. To be cost-effective the GC must be equipped with an auto-sampler that can operate 24/7 (See accompanying picture). Another requirement is a back-purge system which cuts the time for each analysis to 15 minutes.

Depicted in an accompanying picture is a typical data sheet showing analysis of all the light alkanes and alkenes as well as CO2.  Additional columns (not shown) of compositional ratios such as methane/ethane and C2+ (total ethane, propane and butane) identify the type of reservoir the anomalous values represent. This particular set of values indicates a heavy oil reservoir.
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Mapping and Interpretation

Interpretation of soil gas data is crucial for making important decisions on whether to follow up with more expensive seismic and drilling, or to abandon the exploration project altogether. 
In the interpretation process both individual hydrocarbon concentrations and their ratios are important. As shown in the accompanying table, two ratios and % methane of total light hydrocarbons provide the main bases for reservoir content predictions i.e. whether anomalies represent oil, gas condensate or natural gas. This scheme can also differentiate between biogenic and thermogenic gas on the basis of its wetness i.e. the amount of C2+ (total ethane, propane and butane concentrations). The compositional ratio C1/C2+C3 is also used as a measure of wetness. Methane stable carbon isotope analysis provides the only means to differentiate between biogenic and thermogenic dry gas.
It should be noted that absolute boundaries indicated in the table may vary between regions due to factors such as local geology, source type and thermal maturity. Condensate is in a gas phase in the reservoir and in a liquid phase at the surface. Stacked reservoirs will result in more complex anomalous patterns including overlapping. 
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Vertical migration can be short-circuited by faults which can shift the anomaly laterally towards the fault trace. The question of lateral versus vertical migration is very important to the interpretation of geochemical data. Our present knowledge indicates that both exist. The extent of either depends on the geometry of the sediments and the tectonics. Empirical data indicate that in most places there is enough vertical permeability for a seep to exist directly over the reservoir. However, some lateral migration (particularly near the surface) generally occurs, so the shape and location of the surface anomaly will not exactly match that of the prospective reservoir. 
Among the Alkanes, methane and ethane provide the most useful information on the type of reservoir an anomaly represents. For example, the picture on the right of a cross-plot of methane and ethane (375 samples) with an average value of 17 is indicative of condensates. This interpretation is supported by two other ratios (% methane in total light hydrocarbons; and (C2/C3) X 10). Moreover, a high correlation ratio of R2=92 of methane with ethane shows the hydrocarbons including methane are thermogenic, except for a few outliers. The existence of C2+ (i.e. ethane + propane + butane) is also indicative of a thermogenic hydrocarbon reservoir. These interpretations are important for a hydrocarbon exploration company who may decide not to 
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drill even though seismic structures and geochemical anomalies coincide if it is determined that the predicted reservoir content, say natural gas, is non-economic because of marketing conditions or geographical location.  
Pentane is also a good indicator of condensates (Figure 12). A cross-plot of methane and pentane (550 samples) indicates three petroleum systems. Other ratios support this interpretation. In general, the ratios of Alkenes to Alkanes are useful indicators of the extent of oil biodegradation and therefore a measure of whether an anomaly represents heavy or light oil. As n-alkanes are selectively degraded, the ratios of ethylene/ethane, propylene/propane and butene/butane all increase with progression of bacterial degradation. 

Various other compositional ratios such as C1/(C2 + C3) and C2/(C3 + C4), both indicative of wetness, are used for interpretation. A cross-plot of C1/(C2+C3) and delta Carbon 13 in methane is used to differentiate between biogenic and thermogenic dry gas. 

Of major importance to the explorationist is the surface location and pattern of the anomalous areas. For this purpose, two types of maps are produced – contour and bubble maps. In the mapping process, the coordinates and analytical data are downloaded to a computer and saved as an EXCEL file. Petro-Find’s state-of-the-art software program is used to produce contour maps of CO2, methane, C2+ (sum total of all the C2-C4 analytes) and C5 concentrations. From experience, scattered data points are best contoured
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with a triangular, non-gridded computer program. All printing is done in-house to maintain confidentiality. Contours are printed permanently on clear film for overlay on previously prepared georeferenced base maps. However, for some reconnaissance surveys where sampling points are very wide apart, contoured maps can be very misleading. As shown in the accompanying picture, the anomalous areas and trends of widely spaced data are best depicted by bubble maps.

After all that good work and expense with sampling and analysis the interpretation of the data and indeed any follow-up drilling based on that data can be compromised by an inaccurate contouring program. Only two fundamental procedures are used by computers to generate contours from a random X-Y-Z set: indirect (gridding) and direct (triangulation). Petro-Find uses a non-gridded computer program by Scientific Computer Applications, Inc, Tulsa, Oklahoma that is best suited to contour scattered data points.   

The accompanying picture shows a 25 km2 soil gas survey map using the direct method with scattered data points and high- and low-density sampling areas. If gridding had been used, many of the data points would not have been honored (see example on the right), especially in the corners as well as along the edge of the surveyed area. The choice of grid size for wide-spaced data sets with clusters of high-density data can introduce additional errors. These are the norm in oil and gas exploration which include wildcat areas (sparse data) and oil/gas fields (clustered data). This would also apply in the case of high-density surveys following low-density reconnaissance surveys. Only triangular methods should be used to contour scattered data points.
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Traditionally, the main tool for oil exploration has been seismic surveys, which can locate structures by either 2D or 3D methods. While soil gas surveys can locate and determine the areal extent of a hydrocarbon reservoir from surface anomalies, it cannot identify with exactitude the structure or its depth. The determination of the depth and type of structure is the role played by seismic surveys. However, seismic alone cannot ascertain whether such structures contain oil or natural gas without drilling (AVO is controversial). Seismic surveys find structures that appear to be excellent traps but are often found to be dry when drilled because either faulting has breached the reservoir allowing hydrocarbons to escape or the structure was not charged with hydrocarbons in the first place. A correlation of surface anomalies with structure provides a scientific basis for successful drilling. 

Ideally, geochemical soil gas surveys should be conducted before any seismic because they are far less expensive, are a direct indicator of the existence of hydrocarbons at depth; and can reduce follow-up seismic costs (i.e. fewer and shorter transects if focused on only anomalous trends). Dry holes are avoided, risks are reduced and exploration costs are substantially reduced with this approach. Present day exploration requires a coordinated effort based on geophysics, geology and geochemistry if it is to be successful. Another main advantage of geochemistry over seismic is that it is not limited by the type of trap in which the hydrocarbons have accumulated. Soil gas surveys are especially useful in prospecting for stratigraphic pools, which are not associated with easily discernable structural features.
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A correlation of a 2D seismic structure and soil gas anomalies are depicted in the accompanying picture. A drill of the major seismic structure and coincident C2+ anomaly discovered a stacked petroleum reservoir. A drill of a low-grade C2+ anomaly coincident with a low-grade structure resulted in a marginal producer. A well drilled on a medium-grade seismic structure with no C2+ anomaly was found to be dry.

Mature and abandoned fields as well as those currently being produced offer major but often overlooked opportunities for development of new oil and gas reserves. Depicted in the accompanying picture is a geochemical survey of a mature field showing different concentration patterns. Notwithstanding pattern drilling it is obvious that the field has not been uniformly exploited. Some wells have been highly productive with concomitant depletion of reserves as shown by blue and green areas. On the other hand, the reservoir remains intact around some wells. Lower productivity of some wells is the result of compartmentalization by faults or facies changes. A number of vertical and horizontal drilling opportunities are evident, particularly in the NE corner. 
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Illustrated in the accompanying picture is a C2+ contour map of an incised fluvial-river valley. This meandering valley was found by 2D seismic in the Lower Cretaceous Mannville formation. Meandering-river deposits tend to be fine-grained, lenticular, and partially or completely encased in floodplain shales. Interpretation of the contours indicates two large channel deposits and one point bar. Seismic located the two main channel deposits but missed the point bar, a lost compartment.

With beginning of production, apical soil gas anomalies will gradually change patterns depending on the type of drive. The accompanying picture illustrates four types of drives. Before drilling, light hydrocarbons migrate vertically in the direction of lower pressure to the surface where they form anomalous patterns. However, once a well begins to produce, the light hydrocarbons are short-circuited horizontally to the well bore or area of lower pressure, thus modifying the original apical anomaly. Dissolved gas
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reservoirs such as heavy oil deplete very quickly forming doughnut or halo types of anomalies around well heads. Oil fields with water and gas cap drives also show this effect at the surface but because of the uniformity of pressures, the depletion of apical anomalies will be more uniform over a longer period of time. 
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As the accompanying picture shows, different compartments have been picked out by looking for domains with wells showing similar-looking production profiles. Soil gas surveys can probably accomplish the same results or at least confirm the existence of separate compartments. The production profiles should correlate with decreasing anomalous values. 

A soil gas survey is a powerful tool for finding stratigraphic traps, especially when combined with seismic. Finding certain types of stratigraphic traps due to pinch outs and facies changes can provide a major challenge using standard exploration strategies. Such stratigraphic traps are invisible to traditional seismic data unless they reveal themselves as “bright spots”. However, this seismic technology is considered somewhat controversial. Seismic can easily find other types of stratigraphic traps such as angular unconformity, combination structural/stratigraphic, unconformity and nonconformity. Stratigraphic reef traps can be found with a combination of soil gas surveys and seismic techniques.  

Both stratigraphic and structural traps found by seismic require correlation with soil gas anomalies before any decision to drill is made. Traps that appear favorable in terms of closure on seismic profiles may be found to be dry when drilled because of breaching by faults or were not charged with hydrocarbons in the first place. If a geochemical anomaly cannot be correlated with a seismic structure, a stratigraphic reservoir trapped by pinch outs and facies change is most likely. It should be targeted for drilling. Stratigraphic reef reservoirs charged with hydrocarbons will show coincident seismic structure and geochemical anomalies. 

In general, oil companies do not drill a soil gas anomaly without seismic confirmation - this could result in their missing major opportunities. How often does one hear “Do not drill on lows” yet lateral depositional pinch outs and lateral facies changes can provide major trapping mechanisms in synclinal areas. If stratigraphic traps are associated with a major structure they usually occur in a down-flank position of anticlines. 

As discussed above, soil gas surveys can provide a great deal of information about a previously unexplored petroleum basin or sub basins by chemical hydrocarbon composition and compositional ratios. However, dry gas (i.e. composed of just methane) cannot be distinguished on the basis of composition and compositional ratios alone. Biogenic (i.e. bacterial) gas is always very dry (i.e. consists mainly of methane). In contrast, thermogenic gas can be dry, or contain wet gas components such a C2+. The only way to distinguish between biogenic and thermogenic dry gas is by stable carbon and hydrogen isotopes analysis.  This type of work is farmed out to a local university who provide a quick turnaround time. 

Why is this important? Biogenic gas is unrelated to the processes that form oil - it says nothing about the likelihood of an effective petroleum system existing in the basin. For example, gas reservoirs at shallow depth and bacterial gas seeping from a lake bottom say nothing about the presence of an underlying petroleum system. Previous drilling and availability of rock cuttings and even outcrops may not be available to establish maturation by traditional methods. 

Further Developments

Currently under development is a system for sampling of lake beds and shallow seas for hydrocarbons in both summer and winter months that will complement Petro-Find’s current technology for sampling of dry (direct) and wet (passive) sediments. It is well known that major hydrocarbon reservoirs exist under lakes, but are difficult to explore with traditional methods and in Canada only over ice during winter. The sampling system consists of a probe attached to a conical shape that will be lowered by a string to the lake/sea bottom where it will be retrieved and sampled after 12 hours. The conical shape will capture hydrocarbons that have migrated vertically from hydrocarbon reservoirs.

Annexes
Types of Geochemical Soil Surveys 

Many companies provide geochemical exploration surveys of which there are five main types. Not all technologies are created equal – the following are the essential elements of a cost-effective geochemical exploration method:

· Measurement of thermogenic methane. Necessary for natural gas identification and the use of ratios. Sampling must be at a minimum of 2.5 feet in depth below biologically active near-surface soils.

· Soil sampling must be quick and, except for passive sampling, should be conducted during one trip.

· Soil sampling must be hand portable to allow access to many areas such as forests, environmentally sensitive areas, populated regions, fields in crop, fenced areas etc.

· Vials used for transport of sample to laboratory must be evacuated to 1/5 Torr to avoid ambient air contamination; vials must be leak-proof over a five-week period.

· Fast analysis using a back-flush system and auto-sampler. Analysis of higher hydrocarbons is time-consuming and not necessary for interpretation.

· Speciation of light Alkanes hydrocarbons from C1 to C5. Individual concentrations and their ratios allow prediction of type of reservoir i.e. light/ heavy oil, condensates or natural gas. Ratios can establish the existence of one or more petroleum systems.
· Direct method is the most accurate. Indirect methods involve one or more additional steps that can increase the chance for errors.  

· Speciation of light Alkenes from ethylene to butene allows determination of extent of oil biodegradation. 
· Analytes must include CO2, which is necessary for monitoring of CO2EOR projects. Stable carbon isotope analysis establishes provenance of CO2.

· Sample collection of hydrocarbons in gaseous form allows stable isotope carbon and hydrogen analysis of methane. This is important for differentiation of microbial and thermogenic dry gas, and correlation with thermal maturity of source rocks.

· Collection of samples in gaseous form allows analysis of helium and hydrogen, which is important for finding natural gas associated with helium. The same technology used to explore for uranium using helium as a pathfinder would be employed.
· Sampling of hydrocarbons in wet sediments and muskeg.

· For tight soils such as clays, amount of sample taken by soil gas probes must be small to avoid contamination by ambient air. Sampling by vacuum pumps should be avoided.
· Interpretation of data should take seismic into consideration before any drilling decision. Correlation of hydrocarbon anomalies and seismic structures provides a scientific basis for drilling. An anomaly without seismic structure is indicative of a stratigraphic reservoir. A seismic structure without a corresponding anomaly should not be drilled.
· Contouring program must honour all points. Triangular-based systems are most accurate. Grid-based systems should be avoided, especially if data points are scattered and sampling areas are of both high- and low-density. 
Success Ratios

Statistics quantifying the value of geochemical exploration in finding oil or gas are hard to come by. Most oil companies treat such information as proprietary and are reluctant to publish results. In evaluating statistics on success ratios it is unknown how much seismic has contributed to the successful findings. It is also unknown whether the successful wells are purely exploratory (i.e. wildcat) because the definition of a wildcat well may differ from one area to another. 

The contribution of geochemical surveys to increased discovery ratios can only be ascertained by comparing geochemical results with subsequent drilling. “A review of 2774 U.S. and international exploration wells –all drilled after completion of micro seepage surveys – documents that 82% of wells on prospects with a microseepage anomaly were completed as oil or gas discoveries; in contrast only 11% of wells drilled on prospects with no seepage anomaly resulted in a discovery. When hydrocarbon microseepage data is properly acquired and interpreted, it can significantly reduce exploration risks and costs by improving success rates and shortening development time.” (Source: D. Schumacher; Search and Discovery Article #400943 (2012).  
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The prospects were located in both frontier basins and mature basins, onshore and offshore, and occur in a wide variety of geologic settings. Targets ranged in depth from 300 meters to more than 4700 meters and covered the full spectrum of trap styles. The methods used included free soil gas, sorbed soil gas, microbial, radiometric and micro-magnetics, but the latter two are considered geophysical methods.
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