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MAGNETIC  MARKERS  USE FOR MONITORING  
OF ENVIRONMENTAL  POLLUTION  CAUSED BY 
FRACTURING  FLUIDS  DURING  SHALE  GAS 
EXPLOITATION  

Magnetic materials may be added to the fracturing fluid, as the magnetic marker 
allowing to determine the range and efficiency of hydraulic fracturing. The appli-
cation of appropriate magnetic markers can significantly improve the efficiency of 
shale gas extraction. There are, however, other important benefits of magnetic 
markers use, involving the monitoring of environmental pollution, during gas ex-
traction with above mentioned method. However, with the rapid increase in 
amount of shale gas extracted using hydraulic fracturing method, there are also 
credible reports on the possibility of groundwater or the soil pollution. Thus, it is 
necessary to apply enhanced methods, to effectively detect any fracturing fluid 
leakage. The use of magnetic markers gives such opportunities. In case of leakage 
and consequently the fracturing fluid pollution, magnetic markers are placed into 
the soil environment. The presence of pollutants in soil can be detected using 
a number of standard chemical methods, but magnetometric ones, which are much 
faster and cheaper deserve special attention, because they enable in-situ detection 
of the magnetic marker in fracturing fluid leakage. This article discusses the 
above-mentioned issues based on the literature review, the knowledge and experi-
ence of the authors. 
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1. Shale gas 

As a consequence of high prices of energy resources and fluctuations of its 
prices, there are a variety of activities carried out in many countries, to ensure 
independence from imported raw materials and resources, and thereby guarantee 
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energy safety. Among the alternative energy sources, shale gas is mentioned. 
Gas combustion is more environmentally friendly than oil [43]. Shale gas is nat-
ural gas, which is trapped in the shale bedrock. The shale gas deposits are in 
many places in the world, among the others in the United States, China and Po-
land [19]. The process of industrial exploitation began only about 30 years ago 
[12, 22]. Shales are rocks with low porosity, what makes the process of shale gas 
migration considerably limited, preventing the use of shale gas as an industrial 
energy source. In order to increase the extraction of shale gas, it is necessary to 
increase the permeability of the bedrock. This is achieved using a hydraulic frac-
turing technology. 

2. Hydraulic fracturing 

Hydraulic fracturing is a process that increase the efficiency of the well. 
The process involves the hollow vertical well on the depth of the bed and a se-
ries of horizontal wells in order to penetrate it. Horizontal wells are loaded with 
explosives, which are then detonated. Sharp pressure pulses appearing as a result 
of the explosion creates tiny cracks, fractures, in the bedrock. Then the fractur-
ing fluid is injected into the fractures. 

The main component (98 - 99.5%) in most of the used fracturing fluids are 
water and proppant. Water is used in the process for a short time, however, it is 
used in a big amount, up to 20000m3/well [23]. The aim of the proppant use is to 
prevent the closure of created fractures, due to rock pressure [24]. Proppant has 
to have adequate mechanical strength, increasing with the depth of shale. In ad-
dition, the diameter of the proppant should be small enough, so that it can pene-
trate into the fractures - the maximum grain diameter is considered as about 
2 mm. 

Some chemical additives (0.5 - 2%) are added to the fracturing fluid. Many 
of them are characterized by significant toxicity [42]. Chemical additives used in 
fracturing fluid improve the fracturing process. Additives are used: to prevent 
the swelling of clays (e.g. diethylamine hydrochloride, sodium or potassium 
chloride), to prevent corrosion of pipes in a wellbore (isopropanol, methanol, 
chlorobenzene), to prevent stone settling (polyethylene glycol), to prevent pre-
cipitation of metal oxides (citric acid), allowing formation of a suspension of 
sand in water (guar gum, hemicellulose), allowing the subsequent breakdown of 
gelling agents, responsible for forming a suspension of sand in water (ammoni-
um persulfate), for maintaining a neutral pH, for the proper operation of gelling 
agents (potassium carbonate), cleaning and disinfecting borehole (glutaral alde-
hyde, ammonium chloride), maintaining the proper viscosity of the liquid, with 
increasing temperature (borate salts, isopropanol), for reducing friction (petrole-
um distillates ), acids (hydrochloric acid). 

The compositions of the fracturing fluids differ depending on the manufac-
turer, the country of use and the borehole depth. Proper selection of the fractur-
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ing fluid composition, including, but not limiting quantities and parameters of 
proppant, can have a crucial influence on the fracturing process economic viabil-
ity [46]. The fracturing fluid after fracturing process is pumped from the well. 
A returned fluid, so called flowback fluid, have usually different chemical com-
position and lower volume, compared to the fracturing fluid injected into the 
ground [36]. Changes in the chemical composition are due to the partial con-
sumption of chemical additives in the fracturing process, leaving some portion 
of fluid with proppant in borehole or with draining from the well a quantity of 
highly saline groundwater as well as a variety of other contaminants depending 
on local geology. 

Exploitation of shale gas using hydraulic fracturing method is a process 
causes much controversy. Among the most important problems, above all, the 
possibility of water and soil pollution, as well as a large water consumption [36] 
are indicated. Exploitation of shale gas will transform the area into a heavy in-
dustrial zone, which is characterized by considerable pressure on the environ-
ment [2, 27, 44]. Therefore, in many countries, studies of hydraulic fracturing 
have been significantly decreased, and in 2011, France was the first country that 
introduce a legal prohibition of hydraulic fracturing. 

Shale gas may be a rich potential source of energy and because of that re-
search on alternative to hydraulic fracturing method [17, 35] are developed. In 
addition, research on improving and increasing safety of hydraulic fracturing are 
carried out. 

3. Magnetic marker 

Proper fracturing is crucial for shale gas technology. The greater is the 
range of fracturing and the greater is the amount of fractures that after process 
remains open, the greater will be the amount of the received gas. Therefore, 
from an economic point of view, the most important is the estimation of fractur-
ing range [6]. For this purpose, the use of easily detectable marker, added to the 
fracturing fluid, is considered. 

Many materials, such as radionuclides [1, 15] may be considered as a po-
tential marker used during hydraulic fracturing. Because of the widespread use, 
a potential marker has to meet a number of even contradictory criteria, inter alia, 
it has to be both cheap and environmental safe. For this reason, many materials, 
including the aforementioned radionuclides can’t be used. 

Requirements for potential marker can be met by a magnetic material, 
a substance which is active in both natural and anthropogenic magnetic fields 
[11, 49, 50]. In the case of a magnetic marker usage in hydraulic fracturing, 
range may be calculated on the basis of the respective magnetic measurements 
before and after the fracturing [9, 28]. Currently, it is believed, that a potential 
marker should be a soft magnetic material with high magnetic susceptibility and 
low coercivity [49, 50]. 
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Potential materials are considered to be: natural magnetic materials, e.g. 
magnetite, ferrites, ferrofluids or nanomaterials [3-5, 7, 8, 10, 11, 13, 21, 26, 29, 
31, 34, 45, 49-51]. The use of magnetite is associated with the risk, due to the 
lack of repeatability of its magnetic properties and low mechanical resistance. 
An alternative to the magnetite, may be its synthetic counterparts, so-called 
"soft" ferrites. Ferrites are commonly used in electrical engineering, among oth-
ers, as the cores of the coils. Among the ferrites for the best candidates to be 
markers in hydraulic fracturing Zn, Mn and Ni ferrites [49, 50] are considered. It 
can be expected, that the magnetic properties of nanoferrites [51], due to super-
paramagnetism phenomena, would be better than in the case of conventional 
ferrite with several micrometers grain diameter [49]. Unfortunately, despite the 
clearly superior magnetic properties, main drawback of magnetic nanomaterials 
use is their very high price, reaching even 13600 $/kg [29]. The cost of single 
fracturing with magnetic nanomarker can be then up to 3 billion $/well [29]. 
In the case of ferrofluid (liquid made of ferromagnetic particles with size of 
a few to dozens nanometers, suspended in a dispersing fluid, which is usually 
water, mineral oil, synthetic oil, hydrocarbons or fluorohydrocarbons [16]), it 
can be expected, that the price doesn’t have to be as high as in case of nanofer-
rites. However, a factor that prevents their widespread use in hydraulic fractur-
ing is too small ferrofluid durability in extremely difficult chemical and geologi-
cal fracturing conditions. 

As mentioned above, it now seems, that the best material, that meets the re-
quirements for a potential marker magnetic are "soft" ferrites. However, due to 
insufficient mechanical strength of the magnetic marker, ferrite can’t easily re-
place the conventional proppants in the fracturing fluid. However, it is possible 
to produce magnetic-proppant composite, performing both the roles of the prop-
pant and the magnetic marker. Currently, research on obtaining the magnetic 
proppants, involves a great interests. 

4. Fracturing fluid environmental pollution 

Hydraulic fracturing is a multistep process. During each of these stages, 
leakage may exist and consequently, the penetration of the fracturing fluid into 
the water and soil environment may happen. The most serious fracturing fluid 
leakage consequences can be: during its preparation and storage, during the in-
troduction into the wellbore, during pumping the flowback fluid from wellbore 
and also during treatment and disposal of flowback fluid. 

As a result of the leakage, fracturing fluid and all of its components are in-
troduced into environment. Environmental threat is associated with the amount 
of fluid introduced into the environment and the chemical compounds - the 
components of the fracturing fluid [44]. The environmental pollution range can 
be determined with a number of conventional chemical laboratory methods. 
However, due to considerable time-consuming and cost ineffectiveness of chem-
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ical laboratory methods, much faster and cheaper magnetic measurements meth-
ods, especially magnetometeric ones, deserves special attention. Magnetic meas-
urements allow for easy detection of the magnetic marker, also in the field, 
in the case of fracturing fluid environmental pollution. 

5. Magnetometry 

Magnetometry is a surface, noninvasive geophysical method in which the 
object of measurement is magnetic susceptibility [25]. It is sufficiently accurate 
method to detect magnetic anomalies caused by both natural and anthropogenic 
factors, resulting from the accumulation of magnetic particles. This method was 
originally used primarily to assess the precipitation of municipal and industrial 
dust onto the surface layers of soil and sludge. Dusts containing magnetic parti-
cles are emitted into the atmosphere from a variety of pollution sources, and then 
deposited in the surface layer of soil [14, 37-42, 48]. These particles of anthro-
pogenic origin, can be relatively easily detected, due to their magnetic properties 
by magnetometric methods. One of field magnetometric measurement devices is 
shown in Fig. 1. 

Today, the spectrum of field magnetometry applications, due to advantages 
of the method, is rapidly expanding. It should be noted, however, that although 
soil magnetometry is a fast and inexpensive geophysical alternative to time-
consuming and expensive laboratory tests, it requires a lot of experience in prac-
tical use [25, 39, 48, 52]. 

 

 

Fig. 1. Magnetic susceptibility measurements in soil profile with SM-400 device 

Rys. 1. Pomiar podatności magnetycznej w profilu glebowym miernikiem SM-400 
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6. Magnetometric methods use for fracturing fluid 
environmental pollution monitoring 

In the case of using magnetic marker during hydraulic fracturing to deter-
mine the range of fracturing, the same marker can be also used to determine the 
possible water and soil environmental pollution with the fracturing or flowback 
fluid. 

Magnetometric measurements should be performed in the immediate vicini-
ty of the planned well and in the fracturing fluid transport corridor. The pro-
posed density of the measuring grid, should be appropriately matched to the lo-
cal conditions and their spatial variability to obtain reliable values of the mag-
netic background, prior to the exploitation of shale gas. In order to control the 
fracturing fluid pollution level, the following magnetometric monitoring scheme 
is proposed: 
• Preliminary measurements, before any fracturing-related works, in order to 

determine the geochemical magnetic background, 
• Control measurements, during the drilling, indicating the potential impact of 

excavated material on the soil surface layer, 
• Control measurements, after the completion of the drilling and removal of all 

equipment and drilling installations, 
• Measurements after hydraulic fracturing and removal of the flowback fluid, 
• Final measurements at the end of exploitation and land reclamation. 

Magnetometric measurements can be performed either using a portable 
field magnetometer, as well as the use of laboratory magnetometers [14, 25, 39, 
52], based on field collected soil cores with the use of e.g. HUMAX probe. Ex-
emplary field magnetometric measurements are shown in Fig. 2. 

 

 

Fig. 2. Magnetometric monitoring by means of MS2D Bartington gauge 

Rys. 2. Monitoring magnetometryczny gleby za pomocą miernika MS2D Bartington 
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After each stage measurement should be done, to determine spatial distribu-
tion of the measured parameters. Calculations using specialized statistical and 
geostatistical software should be performed in order to monitor changes in soil’s 
spatial magnetic parameters during the exploitation of shale gas. Based on the 
high density grid, soil magnetic susceptibility high-resolution spatial distribution 
can be estimated by means of selected GIS (Geographic Information System) 
[33] or geostatistical methods, including those that enable the integration of data 
from various sensors (co-kriging, co-simulation) [47, 48]. In addition to the soil 
magnetic susceptibility spatial distribution, maps of probability, showing the 
probability of exceeding a critical concentration of magnetic markers associated 
with soil contamination, may be created. For areas within creased soils magnetic 
susceptibility or calculated high probability of contamination, it is proposed to 
perform further (secondary) measurements, using e.g. GRAD 601-2 magnetome-
ter, with a maximum penetration depth 200cm. Fast and precise magnetic sus-
ceptibility measurements in soil profiles may be also achieved by using a SM-
400 sensor. Therefore, it may be also used, to determine the three-dimensional 
spatial distribution of the magnetic markers in the whole soil layer near the shale 
gas well. Thanks to above-mentioned advantages of magnetometric methods the 
spatial distribution of soils magnetic susceptibility could be determined often as 
desired, that allows the spatiotemporal analysis of soil contamination, at the 
shale gas exploitation site. 

7. Polluted soil and flowback fluid treatment 

There are many conventional methods of contaminated soil remediation and 
wastewater treatment, that does not require the use of magnetic markers. These 
methods, however, are very often associated with the formation of large quanti-
ties of wastes or introduction into the effluent considerable amounts of salts. 

The use of magnetic markers to determine the possible pollution of soil, can 
also be useful for the of flowback fluid treatment [20]. When the fracturing fluid 
comprises a ferrofluid, strong external magnetic field might be applied to sepa-
rate magnetic particles from the flowback fluid [18]. In a similar way, magnetic 
proppant unused during the fracturing process can be recovered from the flow-
back fluid. After separation and cleaning, it could be returned for re-fracturing, 
with a new portion of fresh fracturing fluid. 

Magnetic particles e.g. ferrites or magnetite, could also be used for the 
flowback fluid treatment. The magnetic particles could be used primarily to re-
move heavy metals and radionuclides [18]. For this purpose, adsorption process-
es on the surface of the magnetic material would be used. 

Another mechanism that may be used for treatment, are catalytic properties 
of iron compounds contained in the magnetic materials. In this case two catalytic 
mechanisms could be considered. The first one is heterogeneous catalysis mech-
anism, due to the presence of the solid magnetic phase dispersed in treated flow-
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back fluid. On the surface of the solid phase, several processes involving: oxida-
tion and reduction of pollutants and metal catalyst, precipitation and co-
precipitation the hydrated metals oxides and hydroxides, adsorption and coagu-
lation [32], will overlap. The second ongoing mechanism is the homogeneous 
catalysis. Dissolved in the acidic environment iron-containing minerals, released 
Fe2+ ions to the solution, becomes a Fenton/pseudo-Fenton reaction activator 
[30]. 

8. Conclusions 

Magnetic materials added to proppants, may act as the magnetic marker 
during the hydraulic fracturing process, enabling to determine the extent of frac-
tures. In the case of leakage and consequently fracturing fluid pollution, magnet-
ic markers added to fracturing fluid will be introduced into the soil environment. 
Therefore, the presence of magnetic markers in the soil and thus the other com-
ponents of the fracturing fluid, could be determined by magnetometric methods, 
which are much cheaper and faster than the traditional laboratory chemical ones.  

Application of magnetometric methods, will allow to determine precisely 
the area of fracturing fluid leakage. Moreover, thanks to its soft magnetic prop-
erties, the magnetic marker could be separated from the flowback fluid by appli-
cation of external magnetic field, thereby making possible magnetic marker re-
use in other fracturing, that decrease costs of the process. In addition, the catalyt-
ic properties of the magnetic marker, could be used for flowback fluid treatment, 
using heterogeneous and homogenous Fenton/pseudo-Fenton catalytic mecha-
nisms. 
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ZASTOSOWANIE MARKERÓW MAGNETYCZNYCH 
DO MONITORINGU ZANIECZYSZCZENIA ŚRODOWISKA 
PŁYNEM SZCZELINUJ ĄCYM PODCZAS EKSPLOATACJI 
GAZU ŁUPKOWEGO 

S t r e s z c z e n i e 

Materiały magnetyczne dodawane do płynu szczelinującego jako marker magnetyczny, mo-
gą w procesie szczelinowania hydraulicznego pełnić dodatkowe funkcje, oprócz umożliwienia 
określenia zasięgu szczelin w skałach złożowych wytwarzanych w  tym procesie. Ocenia się, że 
zastosowanie odpowiednich markerów magnetycznych może znacznie poprawić wydajność wy-
dobycia gazu łupkowego. Istnieją jednakże inne, istotne korzyści z zastosowania markerów ma-
gnetycznych, polegające na monitoringu zanieczyszczenia środowiska w trakcie wydobycia gazu 
łupkowego omawianą metodą. Niestety, wraz z gwałtownym wzrostem ilości wydobywanego 
gazu łupkowego, z zastosowaniem metody szczelinowania hydraulicznego, pojawiły się również 
wiarygodne doniesienia o możliwości zanieczyszczenia wód podziemnych lub gleby, w trakcie 
tego procesu. Konieczne jest więc zastosowanie skutecznych metod wykrywania potencjalnego 
wycieku płynu szczelinującego. Stosowanie markerów magnetycznych daje takie możliwości. 
W przypadku wystąpienia wycieku i w konsekwencji zanieczyszczenia środowiska płynem szcze-
linującym, również markery magnetyczne zostają wprowadzone do środowiska gruntowego. 
Obecność zanieczyszczeń w gruncie można stwierdzić za pomocą wielu standardowych metod 
chemicznych. Ze względu na znaczną czasochłonność i kosztochłonność bezpośrednich metod 
laboratoryjnych, na uwagę zasługują znacznie szybsze i tańsze metody magnetometryczne, które 
pozwalają na łatwe, in-situ, wykrycie markera magnetycznego w ewentualnym wycieku. W arty-
kule omówione zostaną wspomniane powyżej zagadnienia na podstawie przeglądu literaturowego 
oraz wiedzy i doświadczenia autorów. 
 
Słowa kluczowe: markery magnetyczne, gaz łupkowy, szczelinowanie hydrauliczne, zanieczysz-
czenie środowiska, metody magnetometryczne, podatność magnetyczna 
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