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Abstract

Context: Microbiological prospecting for oil is a widely used methodology and is described in many published works. In
uranium (U) mining it is not frequent, although there are some researchers who refer to some microorganisms as Bacillus
sp, which are used in bioremediation and they could be able to do it in prospection. In this work we propose a microbiolo-
gical relationship for prospection by U, hypothesizing that it will be affected by the presence of deep U. The main objective
of this work is to show that the microbiological relationship formed by Bacillus sp /Total Aerobic Mesophiles (B/TAM) is
related to the presence of U and it be able to use as complementary technique for prospection by U.
Methodology: The soil sampling carried covers an area of 600 Km2 into oil-uraniferous Neuquina basin; it is near to the
town of Colonia Catriel, Province of Río Negro, Argentina. Spectrometric U, total chemical U, labile U and microbiologi-
cal determinations from 62 sites with sampling by duplicated and 8 wells with different U concentration in depth were
studied. Furthermore, Radon Emanometry and Zoneograms of total, labile and spectrometric U concentrations and of the
microbiological relationship were analyzed. Results were subjected to a statistical analysis using principal components and
linear regression.
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Results: This work shows a highly significant statistical linear correlation between geomicrobiology on surface and U con-
centration in depth (R= 0,59 p<0,002).
Conclusion: Research should continue to link other elements from geochemistry as well as geophysical characteristics that
could be complemented with this geomicrobiological technique.

Keywords: neuquina basin, biological organisms, prospection, uranium.

Resumen

Contexto: La prospección microbiológica de petróleo es una metodología ampliamente utilizada y se describe en muchos
trabajos publicados, sin embargo en la minería de uranio (U) no es frecuente, si bien hay investigadores que se refieren
a algunos microorganismos como Bacillus sp, los cuales se utilizan en biorremediación y podrían ser capaces de hacerlo
en prospección. En este trabajo se propone una relación microbiológica para la prospección por U, hipotetizando que se
verá afectada por la presencia de U profundo Nuestro objetivo principal es mostrar que la relación microbiológica formada
por Bacillus sp /Mesófilos Aerobios Totales (B/TAM) se relaciona con la presencia de U y se puede utilizar como técnica
complementaria para su prospección.
Método: El muestreo de suelo fue realizado en un área de 600 Km2 en la cuenca Neuquina; Colonia Catriel, Provincia de
Río Negro, Argentina. Para las determinaciónes de U espectrométrico, U total, U lábil y la microbiología, se muestrearon
62 sitios por duplicado y se estudiaron 8 pozos con diferente concentración de U en profundidad. Además, se analizaron la
emanometría de Radón y las zoneografías de las concentraciones de U total, lábil y espectrométrico y de la relación micro-
biológica. Los resultados se sometieron a un análisis estadístico mediante análisis de componentes principales y regresión
lineal.
Resultados: Este trabajo muestra una lineal correlación estadística altamente significativa (R= 0,59 p<0,002) entre la geo-
microbiología en superficie y la concentración de U en profundidad.
Conclusiones: Las investigaciones deben continuar vinculando otros elementos de la geoquímica y de la geofísica que
podrían complementarse con esta técnica geomicrobiológica.

Palabras clave: cuenca Neuquina, organismos biológicos, prospección, uranio.
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Introduction

The association of uranium (U) mineralization with bitumen is widely known in numerous depo-

sits of this element. Although oil cannot be considered as a source of U or as the fluid that transports

it, it is a fundamental element for its precipitation.

In the province of La Pampa, to the northeast and east of the study area, (Llambías et al., 2003)

recognize two igneous suites for the Choiyoi Group (Permo-Triassic), one shoshonitic and the other

trachydacitic to rhyolitic. The shoshonitic suite presents high contents of Th and U, and the rocks

associated with this suite could constitute the uranium source for the proposed model (Figure 1).

The biodegradation of oils associated with U mineralization was observed in various worldwide

deposits, for example, in Temple Mountain, Utah, and in Grand Canyon, Arizona, both in the United

States of America, as well as in Lodève, Francia (Landais, 1989). In Argentina, the close relationship

of U with heavy oil has been verified at the Huemul deposit, which is located in the department of

Malargüe, Mendoza. It is the only national example, and it has been exploited by CNEA for seve-

ral decades (Rojas, 2013). The mineralization and the genesis of the deposit were studied in several

works. Particularly, (Brodtkorb, 1966) determined the existence of four types of heavy oil as asphalt,

discriminated by their optical properties. Only one of them was the carrier of pitchblende (Urani-

nite), which is the predominant mineral in the mine. Subsequent studies worldwide conclusively

determined that this reducing capacity, on favorable conditions of Eh and pH (Figure 2), is given by

a process of progressive destruction of linear hydrocarbons, thus leaving a viscous and heavy resi-

due. Biodegraded oils are known to be present in the Neuquina basin, and its shallow sectors show

noticeable effects of this process, mainly, in those near the edges of the basin, also called platform

(Figure 3). This is an example of the fact that biodegradation is a regional phenomenon, given the

wide distribution, both underground and on the surface, of biologically altered hydrocarbons. The

best precipitating conditions occur at shallower depths and in sectors closer to the edge of the basin.

These oils were originated in the Vaca Muerta Formation.

The characteristic gamma ray peaks and the relationship they have with the paleo-environmental

framework interpreted from the electrical profiles, allow inferring that they have hosted U minerali-

zation in channel facies, possibly in roll front and/or tabular deposits (IAEA, 2001). It is known that

U is transported into fluid media by oxidizing agents, and that the interface is formed when these

agents are moved down slope through a water-saturated sand, rich in pyrite, carbonaceous material,

and/or the presence of petroleum compounds such as methane (CH4) and sulfhydric acid (H2S), a
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reducing medium. The fluid oxidizing agents that carry U6+ move through the reducing medium,

which alters the host sandstone and causes a precipitation of U 4+. It is likely that hydrocarbons play

a key role in the precipitation of U in the area since there are numerous oil and gas fields with reducer

compounds such as CH4 and H2S, among others. It is considered that this type of deposit reflects the

dynamics of fluid flow to the transport of U in the groundwater that moves down slope within a con-

fined aquifer in response to a hydraulic gradient. The proposed scheme has a paleo-environmental

contribution area located to the east with a regional slope to the west, as shown by the change in

facies and thick clastic decrease in that direction.

Mineralizing fluids have circulated according to the gradient deposited U in sandstones with the

best petrophysical properties, and the age of mineralization may be syngenetic or early postgenetic.

The hydrogeologic Andean system recharges freshwater along a preferential direction due to the

current regional slope of the system, which is therefore not ruled out as a contribution from the West

to the East. In this case, the age of mineralization would be postgenetic.

Some bacteria can convert dangerous chemical compounds into less harmful forms for life, and,

Figura 1. Diagram of uraniferous mineralization in the presence of hydrocarbons (Jaireth et al., 2008)

Source: The authors are Jaireth et al. 2008.
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Figura 2. Graph of Eh-pH conditions during U transport and deposition, modified from (Pourbaix, 1974)

Source: Authors.

for that reason, they are ideal for the cleaning of areas with oil spills and, in general, in the treatment

of toxic residues (Batista-García et al., 2011, ?). The acceptors most commonly used by microorga-

nisms are oxygen (in the case of aerobic organisms), nitrates, iron (III), sulfates, and carbon dioxide

(in anaerobic organisms). At the surface level, the bacterial composition is modified by the presence

of different concentrations of gases from oil biodegradation. The scientific basis of microbiological

prospecting methods for oil exploration consists of the migration of gaseous light hydrocarbons,

such as methane (C1), ethane (C2), propane (C3), and butane (C4), from the reservoir to the surface,

where they are assimilated by specific groups of microorganisms that inhabit the soil of these ecosys-

tems (McLee et al., 1972, Rasheed et al., 2008, Rasheed et al., 2014). There are also various biomarkers

that indicate the oil’s type of degradation. These biomarkers are predominantly organic compounds

resulting from microbial biodegradation (de Vasconcellos, 2009, Zhao et al., 2018). There are bacteria

that oxidize methane, ethane, propane, and butane, and they also use these gases exclusively as their

only source of carbon and energy for growth. The density of these bacteria varies depending on the

presence of hydrocarbon reservoirs (Horvitz, 1939). Microorganisms such as Bacillus sp. belong to a

large family of oil-degrading species (Tucker & Hitzman, 1994 ). This strain is capable of forming spo-
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Figura 3. Hydrocarbon deposits on the edge of the Neuquén basin with heavy oil or evidence of possible

biodegradation

Source: Authors.
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Figura 4. Zoneography of microbiological relationship (B/TAM) in study area (green dots correspond to wells;

red areas correspond to positive zones, while blue areas correspond to negative zones for microbiological

relationship)

Source: Authors.

res, which makes it more resistant to aggressive environments (DuTeau et al., 1998, Narváez-Flórez

et al., 2008). Considering the above, the total aerobic mesophilic ratio (B/TAM) of Bacillus sp. was

deemed suitable for on-surface testing of the density of bacteria that use hydrocarbons from oil de-

gradation carried out by anaerobic bacteria in depth. The main purpose of thiswork is to incorporate

an indirect microbiological method for surface prospecting of deep U deposits. To this effect, this

study was based on the following hypotheses:

1. Hydrocarbons produced from heavy biodegraded oil play a key role in U precipitation in the

study area.

2. The amount of Bacillus sp. in relation to the amount or total aerobic mesophilic bacteria is an

indicator of microbiological anomalies produced in U basins in the presence of biodegraded

heavy oil.

3. The geological and geophysical characteristics of the soil allow the surface geomicrobiology to

be linked with deep deposits.
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Figura 5. Zoneography for the spectrometrical U (U RS-125) concentration (ppm) in the study area (red dots

are correspond to wells; green dots correspond to U RS-125 sample points)

Source: Authors.

Methodology

The study area covers 600 km2 of the Neuquina basin. 124 soil samples corresponding to 62 si-

tes were collected for microbiological, spectrometric, and chemical analysis. Spectrometric measure-

ments were made with field equipment (Spectrum-RS 125). The soil samples were sent to the geoche-

mistry laboratory of the Regional Cuyo, where labile U was determined with a Scintrex UA3 laser

fluorescence equipment, while the determination of total chemical U was carried out at the Centro

Atómico Constituyentes (CAC), using the ICP-Masa technique. Radon 222 emmanometry measure-

ments in soils were made using a device buried one-meter deep, carrying a sensitive material. The

sheets of sensitive material were removed after around 60 days of exposure and were processed in

the CAC’s dosimetry laboratories. The impact count was conducted with specific image processing

software (Image-Pro plus). In total, 10 drill holes with a total of 1907 m were drilled, along with their

corresponding geophysical log profiles and obtaining the necessary information for U prospecting.

Out of these, 8 wells were selected for this work. The microbiological determinations were carried out

by the Department of Sciences Applied to the Industry of the University of Cuyo. They were carried
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Figura 6. Zoneography for the total chemical total U (U Total) concentration (ppm) in the study areas (red dots

correspond to wells; green dots correspond to U Total sample points)

Source: Authors.

out on material collected in a sterile way, which was kept in a refrigerator during the field work. The

total aerobic mesophilic bacteria count was performed on agar, plate count, and incubation at 37 °C

for 24 h. Bacillus sp. testing was carried out on agar for plate counting and incubation at 37 °C for

24 h, with prior heating of the sample up to the boiling point, and confirmed by the visualization

of colored endospores. Statistical analysis was performed using principal components analysis and

multiple linear regression with the Statistica software. Zoneographs of the labile U, total chemical U,

spectrometrical U, and B/TAM were performed using the Arcgis software, Geographic Information

system 10.2, and with the Inverse Distance Weighted interpolation method (IDW).

Results

The graphs corresponding to the zoneographies are shown below, where it is possible to see how

the values of the variables analyzed are distributed in the territory under study. Zones with severe

positive anomalies are marked with red and the negative zones with blue. (Figures 4, 5, and 6). Wells

were named: CTR-15-01 (well 1), CTR-15-02 (well 2), CTR-16- 05 (well 5), CTR-16-06 (well 6), CTR-
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Figura 7. Zoneography for the labile U (UL) ppb in the study area (green dots correspond to wells))

Source: Authors.

15-07 (well 7), CTR-16-08 (well 8), CTR-16-09 (well 9), CTR-16-10 (well 10).

Comparative studies were focused on the red boxed areas with elevated values of the B/TAM

relationshiped (Figure 4), elevated spectrometrical U values (Figure 5), elevated total chemical U

(Figure 6) and labile U (Figure 7). These zones form a triangle that contains the eigth oil-uraniferous

wells marked with their names in the image. In Figure 4, B/TAM zoneography is positive (red zone)

at wells 1 and 6, while it is negative (blue zone) at wells 2, 7, 9, and 10. issues with access to the fields

prevented the sampling of the southern region of well 5; the partial result shows a positive northern

area and some negative areas in the Northwest and Northeast. The cutoff values to determine positive

and negative zones in the zoneography of Figure 4 were considered in the range of 21,6-31,7 %, values

greather than 31,7 were considered positive. In Figure 5, the spectrometrical U zoneography shows

wells 6, 10, and 9 as positive, whereas the negative wells are 1, 2, and 7. In Figure 6, the zoneography

of the total chemical U values shows positive values at wells 2, 7, and 9, while there are negative

values at wells 1 and 6. In Figure 7, the labile U zoneography shows well 1 as positive and 7 and 8 as

negative, while 5, 6, and 10 are weak positives. To test uranium content in depth, a profile mapping

(Figure 8) and chemical record data were used (Karkanis, 2016, Karkanis, 2018, Valle, 2016). Figure
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Figura 8. Geological profiles where uraniferous mineralization and geophysical anomalies are visualized

Source: (Valle, 2016, Karkanis, 2018).

8 shows the concentration of U in depth of each well. Results show that wells 1, 5, and 6 present

important U mineralization, while 2, 7, 8, 9, and 10 are negative. By analyzing these results, it is

observed that the B/TAM values correspond significantly to positive and negative U mineralization

areas in depth.

Figures 8 and 9 show that the preferential lithology for U mineralization is fine sands, although

conglomerates are also important. The identified mineralization corresponds to uranofan and ura-

nium and titanium oxides, which are found mainly between the clasts of the rock, filling spaces in an

irregular way and surrounding pyrites and ilmenites.

The mineralization records (Figure 8) indicate that well 6 is the most mineralized, followed by 1

and 5. The clay level in the mineralized wells is higher in 5, followed, in turn, by 1 and 6. Well 1 has

the most superficial clay level (Figure 9).

Radon 222 emanometry (Figure 10) is used to determine permeability in geological research. In

this work, it is important to consider the similarity of the negative and positive permeable areas in
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Figura 9. Geological profiles where the upper-level clay layer is visualized

Source: (Valle, 2016, Karkanis, 2018).

comparision with clay level and B/TAM ratio (Figures 9 and 4).

Additionally, a selection was made of the points close to the wells to study their microbiological

relationships, and their U content was recorded at a depth of 150-200 m (Table 1).

Statistic Analysis

A linear regression was performed between the B/TAM ratio values of points near mineralized

wells in relation to the U concentration (U ppm) found in depth (150-200 m).

The principal component analysis (PCA) yielded the following dendrogram(Figure 11).

Discussion

In this article, we considered that the Neuquina Basin had a relationship between biodegradated

oil and U deposits, as was also considered by (Rojas, 2013, Scotti et al., 2019). (Zhao et al., 2018) also
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Figura 10. Radon 222 emanometry (little dots indicate positive areas, and big dots show the wells)

Source: (Karkanis, 2018).

reported the same correspondence in the Qianjiadian area, Songliao Basin, NE China. These resear-

chers show that the reducing potential generated by the biodegradation of oil allows U to precipitate

and demonstrate the appearance of C26-C31 17α, 21β 25-norhopanes, typically resulting from strong

biodegradation.

Biodegraded oil emits gases such as methane, propane, and butane, which ascend through the

porous layers of the basin edge and impact on the surface, changing the proportion of bacteria in

the A horizon of the soil, as shown in the literature (Rasheed et al., 2008, McLee et al., 1972, Batista-

García et al., 2011). We found that the proportion of aerobic bacteria on the surface was affected in the

Neuquina Basin platform as also found by other researchers (Hubert & Judd, 2010). In this sense, we

used Bacillus sp and total mesophilic bacteria for prospecting U deposits. In previus papers, Bacillus

sp was considered to be a widespread bacterium with environmentally-friendly applications in U

bioremediation (Song et al., 2019). The Microbial Prospecting for Oil and Gas (MPOG) method has

reported a success rate of 90 %, which suggests the excellence of this methodology and future deve-

lopment trends (Rasheed et al., 2014). Although Bacillus sp is reported as useful by previous research

to prospect oil in depth, we have not found any bibliography on the bacterial relationship B/TAM

described in this work for prospecting oil and/or U. The microbiological methodology allowed us to

identify deep mineralization zones in wells 1 and 6, while wells 7, 2, 8, 9, and 10 were negative. Well
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Table 1. B/TAM % of samples near mineralized wells and their U concentration at 150-200 m of depth

B/TAM

%

U depth

(ppm)
Well

29 60 7

5,64 60 7

14,4 60 7

8,33 60 7

1,88 10 2

145,45 150 1

68,96 150 1

94,44 150 1

40 150 1

37,5 150 1

50 150 1

38,06 400 5

66,67 400 5

100 400 5

38,26 400 5

7,14 70 8

20,8 70 8

3,68 40 9

28,4 40 9

7,69 40 9

1,4 10 10

3,39 10 10

75,9 450 6

77,8 450 6

Source: Authors.

5 showed a small microbiological positive zone in the North, with a different result in comparison

with the U concentration in depth, but matching the chemical zoneographies of U (total and labile

chemical) and the emanometry. Another important factor to take into account in this new comple-

mentary method is the permeability of the soil, so the gases from the degraded hydrocarbons rise to

the surface and impact the microbial ratio. In this regard, an important level of clay was registered in
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Table 2. Regression summary for the dependent variable B/TAM % R= 0,58970750 R2= 0,34775493 Adjusted

R2= 0,31810743 F(1,22)=11,730 p < 0,0024 (output from Statistica software)

N= 24 b* Std.Err. - of b* b Std.Err. - of b t(22) p-value

Intercept 16,78895 9,37024 1,791731 0,086943

U depth

(ppm)
0,589707 0,172185 0,14297 0,041744 3,424858 0,002423

Source: Authors.

well 5. Therefore, there is a high correlation between the sites with positive emanometry and the sites

with high B /TAM (Figures 4 and 10). In the dendrogram (Figure 9), it can be seen how the B/TAM

ratio is very closely linked to the total U on the surface. The regression summary (Table 2) shows

the significant relationship between B/TAM and U depth. Just as with deep oil and gas prospecting,

Figura 11. Dendrogram from PCA for URS−125 (spectrometric U), UTotal (chemical), UL (chemical), and

B/TAM % (microbiological ratio in percentage) (output from Statistica software)

Source: Authors.
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geomicrobiology is suitable for prospecting, particularly the B/TAM relationship presented in this

work; it is a very good complementary methodology for prospecting uranium deposits in oil basins

with evidence of biodegraded oil.

Conclusions

In uranium-oil basin platform edge areas where there is evidence of biodegraded heavy oil, the

B/TAM bacterial composition can be used as a complementary U prospecting method. The geo-

microbiological anomalies have a very significant correlation with the areas of surface geochemical

anomalies and depth mineralization. The B/TAM relationship showed a highly significant linear

correlation (R= 0,59 p < 0,002) with a deep U concentration.

Negative areas for geomicrobiology match the perforations without U value. B/TAM resulted to

be a very good indicator of U mineralization in depth when its value is superior to 21,6- 31,7 %. An

important element to consider for the effectiveness of the method is the permeability of the geological

strata, which follows the same patterns as the Radon 222 emanometry.

We must continue working on the link of geomicrobiology with anomalies in depth, soil permea-

bility, emanometry, porosity, and geophysical variables.
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