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Abstract
The significance of the tracer testing technique is widely accepted in reservoir performance analysis in hydrology as well as 
in hydrocarbon exploration and production. The subsurface reservoir delineation for hydrocarbon exploration and optimum 
production is one of the most critical aspects of petroleum system analysis. The quality of the reservoir and its performance 
prediction require extensive knowledge of qualitative reservoir geology, its depositional environment, facies heterogene-
ity and engineering properties of subsurface formations. Tracer testing is amongst the few techniques available in the oil 
and gas (O&G) industry, which stands up to these expectations and is successfully used for quantitative determination and 
analysis of sub-seismic scale structural and stratigraphic heterogeneities. Tracer testing is also being utilized in determining 
residual oil saturation (Sor) and lateral correlation of reservoir properties in the subsurface. Apart from the O&G industry, 
the concentration-based applications of tracer testing have been proved in hydrology, geothermal and medical science. A 
comprehensive review is presented to explain the application of tracer testing technique to investigate porous media, mainly 
in O&G industry. The type of tracers used, their selection criteria, concentration, and natural versus gradient and qualitative 
to a quantitative application are discussed in the current review. Generally, two types of tracers (chemical and radioactive) 
are preferred in the petroleum industry for gas/fluid flow assessment, waterflood optimization and establishing connectiv-
ity between multiple wells. The current paper reviews both types of tracer tests, namely single well and inter well, in detail 
discussing the objectives, calculations, designing, injection, sampling, laboratory analysis and knowledge integration. The 
preliminary aim was to provide a review of the tracer testing technique used in reservoir evaluation and well-to-well con-
nectivity analysis.

Keywords  Tracer test · Single-well tracer test (SWTT) · Inter-well tracer test (IWTT) · Reservoir · Retardation factor · 
Chromatography

Introduction

The recent developments of nano-technology and eco-
friendly chemicals have boasted the applications of smart 
tracers to determine and characterize the flow behavior of 
gases and fluids in porous media. Tracers may be of radioac-
tive or chemical compounds used to monitor the migration 
pattern of gases and fluids through the movement of trac-
ers in subsurface lithologies mainly in reservoir formations. 
This may sound very simple, however, to gain the right kind 
of information; one needs sophisticated techniques, specific 
tools and data analysis skills. Tracers are being used in the 
O&G industry for a long time in five spot flood patterns 
(Baldwin M Aem 1966; Brigham et al. 1965) and in res-
ervoir zones (Abbaszadeh-Dehghani and Brigham 1984). 
Application of tracers testing is proven in sanitary systems 
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(Straub and Hagee 1957), water carven, hydro-geological, 
geothermal studies (Chrysikopoulos 1993), and O&G indus-
tries for reservoir studies and inter-well connectivity analy-
sis (Davis et al. 1980). The application of tracers in the oil 
field was started in the mid-twentieth century (Hutchins 
et al. 1991; Serres-Piole et al. 2011, 2012). Nowadays, trac-
ers and nanoparticles are being commonly used in various 
O&G drilling and testing operations. Tracers are the chemi-
cal or other materials that are placed in the borehole fluid to 
detect and infer drilled fluid pathways, migration mechanism 
and well-to-well connectivity. It is extensively used in well-
drilling operations, water flooding studies, treatment, and 
various other operations at the exploration and production 
(E&P) stage to scale how the hydrocarbons migrate through 
reservoir both qualitatively and quantitatively and are also 
used as a significant tool for estimating Sor and enhanced 
oil recovery (EOR) analysis for flood optimization (Bjorn-
stad et al. 1990; Clayton 1967; Michael Shook et al. 2004; 
Michael Shook et al. 2017; Sun et al. 2021; Sun and Ertekin 
2020). They are applied for diagnostics where quantification 
of production and communication is the goal and must be 
foreign to the reservoir environment. Apart from the E&P 
industry, this method is used in contaminant mapping of 
hazardous chemicals, radioactive disposal sites, and many 
other environmental studies. Strontium isotopes have been 
proven as a good tool for tracing (åberg 1995; Hirsch et al. 
2005; R. Tang et al. 2011; Zemel 1995h).

Practically, the tracers can be used as a tool to improve 
the predictability of internal properties of the reservoirs like 
porosity, permeability, and tortuosity. It is generally used to 
quantify the sweep efficiency (volumetric) between injector 
and producer wells (Cobb and Marek 1997; Norman et al. 
2006), identification of offending injectors or other uncer-
tainties of injector wells (Aanonsen et al. 1995; Güyagüler 
and Horne 2004), directional flow trend analysis to analyze 
injection and withdrawal rates at paired wells, to delineate 
the subsurface geological discontinuities (faults, fractures, 
deformation bends, and other structural and stratigraphic 
uncertainties) and flow behavior analysis (Furuse and 
Toda 1999; Klett et al. 1981; Wang et al. 2018), and inter-
well volumetric sweep efficiency (Wagner 1977) analysis 
(tracing) using sweep-improvement treatments. Based on 
the aims and objectives of the project, the tracers can be 
widely categorized as active and passive tracers. The key 
objectives and economics of a tracer testing operation must 
be defined before its application or analysis (Abbaszadeh 
1995; Du and Guan 2005). Nowadays, forward mathemati-
cal modeling, artificial intelligence and machine learning 
(AI/ML) techniques are being popular for the analysis of 
recorded data. AI/ML techniques are also used to develop a 
comprehensive tracer testing plan and amalgamate it along 
with the petrophysical interpretations done using the above-
mentioned techniques (Joshi et al. 2021; Khilrani et al. 2021; 

Knackstedt et al. 2009; Sprunger et al. 2021). The general 
characteristics of the tracer are shown in Table 1.

The current research work attempts to review the appli-
cation of the tracer technique in inter-well and single-well 
testing in the petroleum industry. The systematic flow of the 
contents discussed in the subsequent sections of this paper 
is shown in Fig. 1.

Types of tracers

The three important types of tracers are: (i) radioactive trac-
ers and (ii) chemical tracers and (iii) trace substance tracers 
(Fig. 2). For decades, radioactive tracers were well known 
for an assortment of investigational purposes. However, with 
time, advancements in chemical tracers have benefited to 
E&P industry to diagnose subsurface heterogeneities and 
recognize reservoir quality, recovery factors and measure 
EOR efficiency. Radioactive isotopes are utilized to label 
chemical tracers to give insightful tools of high sensitiv-
ity and selectivity. The tracer properties are characterized 
exclusively by their chemical composition (Zemel 1995c). 
The application of the different types of tracers is discussed 
in the subsequent sections.

Radioactive tracers

The radioactive tracers were popular for a variety of inves-
tigational purposes and have been broadly accepted to study 
the aspects of subsurface drilling, production/ injection and 
development (Abernathy et al. 1994). The radioactive trac-
ers are been injected directly into the well-bore, using a 
funnel. The use of radioactive materials near the well-bore 
diagnostics is limited to a few feet of depth of signal; the 
gamma rays are absorbed by dense materials such as steel 
and cement reservoir, rocks and fluids (Zemel 1995a). This 
causes the data interpretation to be limited, close to the well-
bore when looking for horizontal diagnostic applications. 
Also, the radioactive tracers are limited to a few unique 
identifiable radioactive isotopes, half-life, and decay (Zemel 
1995b). Health and safety management during the use and 
disposal of radioactive tracers can be risky, and users must 
adhere to the environmental hazard rules and policies 
(Zemel 1995h). Abernathy et al. 1994 have explained the 
basic methods of working and safe handling of radioactive 
materials depicted in Fig. 3.

Radioactive water tracers are employed in well-to-well 
studies to determine the movement and saturation of subter-
ranean fluids. These tracers including radioactive gas tracers 
are widely used to solve the large number of environmental 
problems, mostly having an insignificant impact on oilfield 
studies. Increasingly, these minimal effects are moving into 
the mainstream of oilfield operations. Because of the minute 
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Table 1   Application and general characteristics of a tracer used in the O&G industry

S No Tracer properties Description References

1 Preferably solid or liquid Solid/liquid easily dissolves in water. To dis-
solve gas in water is a tedious task and requires 
special instrumentation

(Wagner, 1977; Zemel, 1995f)

2 Soluble The tracer should be soluble in the fluid (water) 
through which it is being injected into the well

(Tayyib et al. 2019; Zemel, 1995c)

3 Sustain in its chemical form under reservoir 
conditions

The tracer should remain stable at reservoir tem-
perature and pressure. The high temperature 
often leads to low solubility and high pressure 
leads to degradation. Thus, the selected tracer 
should be able to effectively face these condi-
tions

(Bjørnstad et al. 1994)

4 Should not affect the properties of the injected 
fluid

The tracer should not affect properties of the 
injected fluid such as viscosity. It should also 
have a negligible effect on the injected fluid 
concentration

(Zemel, 1995c)

5 No adsorption should take place If the tracer gets adsorbed by the formations 
being passed, may lead to false results

(Zemel, 1995f)

6 Cost-effective O&G exploration and production is itself an 
expensive process. If any additional technique 
is implemented, it should be economically 
viable and cost-effective

(Tayyib et al. 2019)

7 Low detection limit It should be detectable even at a lower concen-
tration. This property helps in reducing the 
process timing and expenditure as well

(Zemel, 1995b)

8 Environment friendly Uncertainty is associated with determining the 
flow route of the injection well. The injection 
well could or could not be connected to the 
production well. If it is not connected to the 
production well, it could have its connectivity 
with a nearby water body, water well, sea or 
ocean. If it is anything other than production 
well, the toxicity (if there) could affect the 
flora and fauna. In such complex subsurface 
conditions, only environment-friendly tracers 
should be used

(Zemel, 1995h)

9 Should not react with reservoir fluids at reservoir 
condition

It should not adulterate the hydrocarbon present 
by reacting with it and forming new, undesira-
ble compounds. Not only will this contaminate 
the hydrocarbon, but it will also make detec-
tion of tracer at the production well difficult

(Zemel, 1995c)

If the tracer is radioactive, the following characteristics must keep in mind in addition to the above-mentioned points
10 Similarity to chemical tracers: Radioactive tracer should be formed by replac-

ing elements from the chemical tracer with 
radioactive elements such that there is negligi-
ble change in its property

(Vértes et al. 2003)

11 Rays emitted Radioactive elements emit gamma, alpha, and 
beta rays. Gamma ray is the most dangerous 
of them as it can penetrate everything and has 
zero mass. Beta rays are the least danger-
ous and thus elements emitting beta rays are 
preferred

(Choppin et al. 2002; Zemel, 1995a)

12 Half-life The half-life of the chosen radioactive elements 
should be such that, it should be detectable 
even after 3 years of its injection

(Zemel, 1995a)
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quantities of either radium-226 or its daughter radon-222,  
used in routine oilfield activities, naturally occurring radio-
active material have a minimal impact on the economic side 
of the oil business. In the areas, where the scale is brought 
to the surface for removal, the concentration of radioactivity 
is usually high enough. Thus, special handling is required 
for the same (Smith 1987). Other environmental concerns 
include oily water and oil spills. The oil tracers must meet 
the following criteria: (a) must be stable to the environment 
and (b) must have high sensitivity for detection and velocity 
profile (McLeod et al. 1971).

Chemical tracers

The effectivity of chemical tracers has been proved in 
petroleum exploration due to their rapid and cost-effective 
nature. This technique has been successfully used in fluid 

flow pathways and gradient analysis and monitoring in 
complex subsurface conditions (Zemel 1995c). Chemical 
tracers are used to measure the concentration of a chemi-
cal substance in a fluid, while physical tracers are used to 
measure temperature. Active tracers change the flow of the 
fluid dynamically by changing fluid parameters that appear 
in the equation of motion, such as density or viscosity 
(Ellis et al. 2016), whereas passive tracers do not influence 
flow (Y.-C. Chen et al. 2021). Environmentalists have tra-
ditionally been hostile to the O&G industry (Matthiessen 
2000; Vora et al. 2021). Some of the environmental prob-
lems where chemical tracers can be effectively utilized are 
oil spills, oily water, quantitative oil field measurements, 
and water flooding analysis (Zemel 1995h). Chemical 
tracers are expected to perform at high temperature and 
pressure conditions. Although they can sustain extremely 
high pressure (as encountered in the subsurface), chemical 

Fig. 1   The systematic flow of 
the contents discussed in the 
paper

Fig. 2   General classification of 
types of tracer into radioactive, 
chemical and trace substance 
tracers. Chemical tracers are 
further subdivided based on the 
phase of the tracer
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tracers tend to degrade at temperatures above 95 degrees 
celcius (Gombert et al. 2017). Chemical tracers can be 
further divided into three subtypes: (i) chemical gas trac-
ers, (ii) chemical liquid tracers and (iii) solid particulate 
tracers (Fig. 2).

Chemical gas tracer

In 1946, helium was being used as a tracer, under gas 
injection (Tayyib et al. 2019). As of today, sulfur hex-
afluoride (SF6) is the most prevalent chemical gas tracer 
(Fig. 3c). Per fluro carbon (PFC) group of tracer has found 
the most widely used chemical gas tracers and found to 
have wide applications. Chemical inertness, high stabil-
ity, high detectability make PFCs an excellent tracer to 
investigate O&G and other wide-ranging subsurface/sur-
face problems. The most frequent compounds are per fluro 
di-methyl cyclo butane (PDMCB), per fluro methyl cyclo 
pentane (PMCP), per fluro methyl cyclo hexane (PMCH), 
and 1, 2- and 1, 3-per fluro di-methyl cyclo hexane (1, 
2-/1, 3-PDMCH). Quang et al. 2007 have researched the 
process and preparation of very common tracers such as 

Au-198, Ar-41, and CH (sub 3) Br-82. These tracers are 
injected through a line connected to the Christmas tree, 
for gaining the cooling effect. Sulfur hexafluoride too is 
employed and segregated on a GC column, with an elec-
tron capture detector used to monitor it (Dugstad 1992; 
Tayyib et al. 2019; Zemel 1995f).

Chemical liquid tracer

In the early days of tracing, dyes were commonly used in the 
oil industry to track fluid flow. Yet, downhole interactions 
with the reservoir rock causes losses, which leads to limit-
ing the use of dyes. Recently, dye tracer experiments were 
directed to survey the impact of changing water hydraulic 
properties after oil mud wastewater (OMW) application 
on the generation of solute transport pathways (Mahmoud 
et al. 2010; Tayyib et al. 2019). Tracer studies have also 
been used to add the data provided by other reservoir char-
acterization methods such as pulse and interference testing 
(Hutchins et al. 1991; Serres-Piole et al. 2011), thereby help-
ing develop a new type of water tracer, which can be used 
in oil-filled reservoir investigations. Ethanol can correlate 
the population density and originate from multiple volatile 
chemical product (VCP) sources. Ethanol and fragrances are 
among the amplest and most reactive volatile organic com-
pounds (VOCs) associated with VCP emissions (Gkatzelis 
et al. 2020). During the data acquisition phase, the chemical 
liquid tracers are injected into the formation through the 
annulus or the well-bore (through a line connected to the 
Christmas tree). Some common examples are ammonium 
thiocyanate (NH4SCN), N-propyl alcohol (C3H8O), iso-
propyl alcohol (C3H8O), N butanol (C4H10O), iso-butanol 
(C4H10O), and tertiary butanol (C4H10O).

Solid particulate tracers

There is a difference between the types of solids, as they are 
not alike in what they can measure. Particulate tracers are 
having some issues that are not resolved, which makes them 
only quantitative and limited to phase flow analysis to deter-
mining the fluid mobility and migration pathways. Naturally 
occurring markers, DNA, are some examples that fall in the 
category (Tayyib et al. 2019). Solid particulate tracing (SPT) 
is a quick and easy approach to characterize oil fields, deter-
mine solute transfer limitations in subterranean reservoirs, 
and tracing impurities. Key limits, such as a reservoir's effec-
tive porosity and permeability, can be attained by executing 
multi-tracer experiments and interpreting the tracer advance-
ment timings into topographic maps. The modular nature 
of DNA enables the creation of an almost infinite number 
of distinct tracers. Because an infinite number of tracers, 
each with a unique DNA identification, may be used concur-
rently and discriminated at extremely low concentrations, 

Fig. 3   Various types of tracers used in the O&G industry. a Radioac-
tive tracer 14C tagged ammonium thiocyanate (NH4SCN). b Radioac-
tive tracer tritiated water. c Chemical gas tracer sulfur hexafluoride 
(SF6)
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the use of non-toxic synthetic DNA tracers appears promis-
ing (Kong et al. 2018; Mikutis et al. 2018; Pang et al. 2020).

Trace substance tracers

Trace substances or minor elements are chemical substances 
whose concentration (or any other measure of amount) is 
very less. They are generally classified into two categories: 
essential and nonessential trace substance tracers. Other than 
these two subcategories, the rare earth elements are also 
counted into the substance tracers. The humic substances 
play an important role in controlling metal speciation, as 
well as the trace element mobility in water and soil (Pédrot 
et al. 2010). For colloidal organic matter composition, they 
have resulted to be very efficient on the functional sites and 
quite complexes formed on the humic molecules (Catrouillet 
et al. 2019).

Types of tracer test

Traditional hydrocarbon exploration studies include subsur-
face geological and geophysical data acquisition, processing, 
petroleum system analysis (interpretation), reservoir facies 
and heterogeneity modeling, drilling, well-logging, coring 
and well testing. It is dominant that these studies be synchro-
nized to have a vivid picture of porous reservoir conditions 
in the subsurface and to have a detailed reservoir model with 
associated risk and uncertainties (Abbaszadeh 1995). Gen-
erally, two types of tracer tests are preferred (i) inter-well 
tracer test (IWTT) and (ii) single-well tracer test (SWTT).

Inter‑well tracer test

Improving reservoir descriptions by defining inter-well com-
munication and flow paths are shown in Fig. 4. When fluids 
are being administered in a set pattern (5-spot, 9-spot, etc.) 

and each well is tagged with a distinct tracer, directional 
flow trends can be seen from the early tracer breakthrough at 
producers in a preference direction from the injectors. While 
directional flow trends are common, changing the injection 
pattern and/or injection and withdrawal rates at chosen wells 
can typically increase inter-well sweep efficiency (Fig. 5). 
The oil saturation that remained in the reservoir after the 
production is calculated and termed as residual oil saturation 
(Du and Guan 2005; Tang and Harker 1991), which can be 
determined using an inter-well tracer test.

Tracers are also used to investigate communication across 
faults and deformation bends and to determine facies hetero-
geneity, compartmentalization, and fluid loss. Faults having 
larger stratigraphic displacement, sub-seismic-scale defor-
mation bands, and permeability pinch outs (stratigraphic 
wedge out) can serve as obstacles to the movement of flu-
ids and gases hydrocarbons through porous reservoir rocks 
(Hutchins et al. 1991; Knackstedt et al. 2009). Bottom hole 
pressure build-up studies in surrounding wells are usually 
used to find such impediments. However, the path of these 
barriers can be further defined using IWTT. Generally, the 
coarser clastic reservoirs deposited or matured in a com-
pressive stress regime show the development of deformation 
bends that can drastically reduce the lateral permeability of 
the reservoir (Zhang and Ertekin 2019). The tracer technique 
can help in delineating these zones and associated deforma-
tion zones (Agency 2004; Peralta Gomes et al. 2018; Pérez-
Romero et al. 2020; Schümann and Fossen 2018; Wrona 
et al. 2019). Objectives (qualitative and quantitative) of 
IWTT are described by (Sanni et al. 2015) and are depicted 
in Fig. 4.

The estimation of tracer quantity needed the following 
data related to reservoir zonation and its facies continuity: 

Fig. 4   Common qualitative and quantitative objectives of IWTT are 
generally defined while planning the test

Fig. 5   Pictorial representation of the working of IWTT depicting var-
ious phases such as injection, migration and production and monitor-
ing involved during a successful test
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(i) reservoir thickness map (isopach/isochron) and pay zones 
details along with hydrocarbon contacts. (ii) Porosity, which 
is the percentage of void spaces present in the reservoir. 
For IWTT total porosity (φ) is preferred. (iii) Water satura-
tion (Sw), which is defined as the fraction of pore spaces 
occupied in the reservoir by water. (iv) The tracer detection 
limit—It is the lowest quantity of tracer that can be distin-
guished at the detection point (producing well) in a given 
time. (v) The surface distance between the injection well and 
producing wells (If there are multiple injectors, the distance 
factor should be carefully calculated). (vi) The safety factor 
depends greatly on the water concentration of the reservoir 
and nearby aquifers, and the values vary between 10 and 
100. It accounts for the dilution of tracer concentration when 
tracer-laden fluid comes in contact with water present in 
the reservoir or aquifer (Aydin and Akin 2001; Field 2003; 
Mohammadi et al. 2021).

For radioactive tracers

For chemical tracers

where
RDF = Radiation dilution factor
DL = Detection limit
h = Reservoir pay thickness (m)
φ = Porosity
Sw = Water saturation
L = Distance between injector and producer
t1/2 = half-life of a radioactive isotope (for chemical trac-

ers it is infinite)
MDL = Minimum detection limit
t = Total time considered for the project
α = Dispersion constant, i.e., how the chemical has been 

dispersed in the reservoir, basically the adsorption level.

Single‑well tracer testing

The SWTT is used to determine the remaining oil satu-
ration in a near wellbore region (AlAbbad et al. 2016; 
Ferreira et al. 1992). This method exploits the time lag of 
back-produced ester vs. hydrolyzed alcohol (Fig. 6). The 
time delay is due to chromatographic separation between 
passive (alcohol) and partitioning tracer (acetate) and 
is related to saturation of a stagnant phase (oil) and the 
tracer’s partition coefficients between the flowing (water) 

(1)
Tracer quantity (in kg) = 2.04 ∗ 10−10 ∗ RDF ∗ DL ∗ 2t∕t1∕2

(2)
Radiation dilution factor (RDF) = 28251.7 ∗ h ∗ � ∗ Sw ∗ L2

(3)
Tracer quantity (in kg)

= 3.47 ∗ 10−3 ∗ � ∗ Sw ∗ h ∗ �0.265L1.735 ∗ MDL
and stagnant phase for the tracer. The tracer testing is a 
reliable in situ measurement of remaining oil saturation, 
which defines the target for enhancing oil recovery and at 
the same time allows us to estimate how much bypassed 
oil could be in the field (Berkeley and Oak Ridge 2009; 
Braconnier et al. 2019; Deans and Mut 1997). Other than 
that, it does not alter the wettability of the formation. It 
helps in covering larger pore volume for residual oil satu-
ration compared to other residual oil saturation calculation 
tools. Adding to the above, the SWTT is not suitable for 
the heterogeneous reservoir. If the reservoir is heteroge-
neous, the flow back of chemicals to the wellbore is not 
sure and recovery could be uncertain or very low (C. Chen 
et al. 2014; Ding et al. 2017).

The injected slug volume depends on the following 
factors: (a) the radius of investigation, which is the area 
around the well bore in which the tracer test needs to be 
conducted and readings are to be taken. (b) The injec-
tion and production rates, basically defined as the rate of 
injection and production, affect the volume of a slug to be 
injected. (c) The hydrolysis reaction rate, which is defined 
as the partitioning tracer reacts with water and produces a 
passive tracer (Field 2003). The rate of this reaction affects 
the volume of a slug to be injected. The slug volume can 
be estimated using the following equation,

Fig. 6   Pictorial representation of the working of SWTT depicting 
various phases such as injection, the reaction of the passive tracer and 
production and monitoring of the tracer, involved during a successful 
tracer test
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where
R = radius of investigation
H = thickness of the formation
Φ = porosity
Sw = average water saturation
β = Retardation factor (there is a predetermined range of 

retardation factor for calculating the slug volume, we assume 
one and use it for calculation)

Slug size = (1/3) * (slug volume) containing partitioning 
tracer and material balance tracer.

Push volume = (2/3) * (slug volume) containing only 
material balance tracer.

Design phase

Proper planning and execution are imperative for the success 
of a tracer test. There are many phases required in a tracer 
test (Fig. 7) of which the design phase is the most important. 
Once the tracer is designed and injected into the borehole, it 
will be difficult to recover/ modify the tracer injection quan-
tities or types. There are two sections of designing phase,

	 (i)	 (i) Instrument Checking- It helps in determining the 
minimum detection limit of a tracer and efficient 
working of the instrument (done approximately once 
in a decade).

Step 1—Prepare a high concentration solution of the 
tracer, for example. 106 ppm, i.e., the stock solution.

(4)Slug Volume = � ∗ R2 ∗ H ∗ � ∗ Sw ∗ (1 + �) Step 2—Further prepare more diluted samples by tak-
ing parts of the stock solution and then diluting it. For 
example, in order to produce 105 ppm solution, take 
10 ml stock solution and dilute it to make 100ml of 
the solution. Using equation N1V1 = N2V2 where N1 
= 106 ppm, V1 = 10 ml, V2 = 100 ml, we get N2 = 105 
ppm. Similarly to make 104 ppm solution, take 1 ml 
stock solution and dilute it to 100ml. Prepare a range 
of different concentration solutions (1ppm to 106 ppm)
Step 3—Add the same amount of reagent to each sam-
ple and allow it to react. Then, one can analyze the 
variation and change in color.
Step 4—After analyzing the color, one can get an opti-
mum range. The steps will be further repeated within 
that optimum range to get the minimum detectable 
concentration of the tracer.

	 (ii)	  Field-Wise Designing Programme
For static conditions

Step 1—Make a specific concentration solution (for 
example. 0.5% formation water solution)
Step 2—Take 2 vials from the solution at t=0 days to 
study its properties. Take one vial with formation rocks 
and one vial without formation rocks.
Step 3—Keep the solution at the desired temperature 
and pressure conditions, so that the reservoir environ-
ment could be simulated. Again take 2 vials after t=1 
day, one vial with formation rocks and one without.
Step 4—Repeat step 3 for t=2, t=3 and t=4 days.

In total, one generates 10 samples for a specific concentra-
tion solution. Change a parameter, i.e., either the percentage 

Fig. 7   Instrumentations, objec-
tives, personnels involved and 
output generated in each stage 
of a successful tracer test in 
chronological order
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of the fluid (formation water or injected water) and obtain 
10 samples for each unique combination of parameters. Ulti-
mately, 5–6 times more samples are generated compared to 
the initial conditions.

For dynamic conditions
The core is put up in a core plug in a core flooding 

apparatus. The core is dipped into the formation water 
and left there for a few days depending on the objectives 
of the project. This helps in saturating the dry core with 
the formation water. The plug is then inserted into a still 
jacket, which has a rubber slip. The rubber slip has a diam-
eter that can accommodate the core plug (Fig. 8). Then, 
the slip is flushed with silicon oil or water. Continuous 
injection of water or silicon oil creates pressure over the 
slip. The slip contracts due to the build-up pressure and 
ultimately the core plug starts feeling the effects of pres-
sure. Eventually, the plug is brought to the reservoir pres-
sure and pseudo-reservoir conditions are created. Then, oil 
is passed through the still jacket. It displaces some water 
and thus gives us the oil saturation (Alrumah and Ertekin 
2019). Before the tracer test is run, some oil has already 
been produced from the reservoir and some water injection 
has also been done. To account for these factors, water is 
again passed through the jacket. Now the tracer-laden fluid 
is injected into the core plug, and results are analyzed.

For SWTT partitioning tracers are used. Partitioning 
tracers are the tracers that have an affinity for multiple 
phases and therefore a partition between two or more 
phases. Generally, ethyl acetate (CH3COOC2H5), also 
called Ester, is used as a primary tracer for SWTT. It is 

a less polar or more nonpolar compound; therefore, it 
has more affinity toward oil. Ester reacts with water; it is 
injected through at the reservoir pressure and temperature 
and undergoes a hydrolysis reaction.

Ethanol thus formed in this in situ reaction works as a 
secondary or passive tracer, i.e., the tracer knowingly formed 
after the reaction of the primary tracer with water. Ethanol 
thus formed is a more polar compound and thus has an affin-
ity toward water. Ethanol is more soluble in water and less 
soluble in oil, whereas the ester is more soluble in oil and 
less soluble in water.

A tracer's partitioning coefficient (k) is calculated. It is the 
ratio of the tracer concentration in oil to the tracer concentra-
tion in water. Different laboratory tests are done to determine 
the partitioning coefficient.

where
K = partitioning coefficient.
Co = concentration of ester in oil.
Cw = concentration of ester in water.
Three factors affect the partitioning coefficient. They are-

(5)
CH3COOC2H5 + H2O ↔ CH3COOH + C2H5OH

(Ester) (Water) (Acetic Acid)(Ethanol)

(6)K =
Co

Cw

Fig. 8   Schematics of a core 
flooding apparatus (Hematpour 
et al. 2016)
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•	 Oil composition If the components are more polar, they 
will avoid ester from dissolving in them. Therefore, oil 
composition should be known.

•	 Salinity—Higher the salinity, lower the interstitial spaces 
between the molecules of water and thus lower the stabil-
ity.

•	 Temperature—Higher the temperature, the higher the 
solubility. It should be kept in mind that the temperature 
should not be high enough to vaporize the tracer.

Operation execution phase

This phase involves the field execution of the tracer test. It 
is further subdivided into two stages:

Injection sampling

This stage demands the involvement of a reservoir engineer, 
chemist, and field specialist. Specific tracer injection equip-
ment is needed to inject the tracer into the wellbore. The 
first piece of equipment needed is a tank, made up of steel, 
with an inbuilt stirrer. The stirrer rotates, creating turbulence 
and thus helping the tracer to get dissolved in the injection 
water. The quantity of the sampling is highly dependent on 
the project objectives and requirements, but the maximum 
capacity of the tank can be up to 50,000 L. The tank may 
have considerable height. Therefore, to check the contents 
and supervise the mixing procedure, one needs to climb the 
tank and see through a steel net or sieve. Once the injection 
fluid is prepared, it needs to be transferred/ injected from 
the tank to the borehole through concealed pipes (Cubillos 
et al. 2007; Hadi et al. 2016). While injecting the fluid into 
the borehole, injector and producer wellbore volumes are 
also considered (Davarpanah et al. 2019; Sallam et al. 2015). 
For example, to inject 50m3 of injection fluid into a well 
whose wellbore volume is 10m3, an additional 20m3 (10m3 
for injector well and 10m3 for producer well) of push vol-
ume needs to be injected after injection of tracer fluid. Push 
volume compensates for the injector and producer wellbore 
volume. The push volume occasionally contains some chem-
icals that wash off the tracer stuck on the wellbore wall and 
further mix them up with the initial injected fluid. Once the 
fluid has been injected, a proper sampling frequency plan 
needs to be followed. Improper sampling might give false 
results, and excessive sampling could increase the monetary 
cost of the test and scant sampling could lead to missing 
important details like breakthrough time, etc. The sampling 
interval is directly proportional to the distance between the 
injector and producer well. Lesser the distance, the lesser 
the interval (Stockinger et al. 2016). Water samples (for 
an individual well) may be stored in bottles that normally 
are collected from the separator. Water sampling is cheap, 

and frequent sampling is advised (Stockinger et al. 2016). 
Only a portion of the gathered samples must be tested at 
first; if no tracer is identified, intermediate samples can be 
discarded. Once a tracer has been identified, samples are 
studied backward until a tracer breakthrough is discovered. 
Some tracers may biodegrade after sampling in certain cir-
cumstances. To circumvent this, a biocide might be given 
to the sample just after it is collected. Bacterial growth can 
be inhibited by adding 0.1 ppm NaN3 to the stock solution. 
Samples need to be sent for analysis as soon as they are 
produced to optimize the results. Once the breakthrough is 
achieved, the sampling frequency interval is kept static and 
then gradually decreased.

The plot of tracer concentration detected vs. time when 
the sample was procured has a bell-shaped curve with the 
peak denoting the breakthrough (Chrysikopoulos 1993; 
Field 2003; Hutchins et al. 1991; Mohammadi et al. 2021; 
Sanni et al. 2015; J. S. Tang and Harker 1991). Improper 
injection and sampling phase could lead to the failure of the 
tracer test. There could be a loss of the fluid injected, and 
thus, improper or no results would be obtained. The reasons 
for fluid loss could be-

a)	 There could arise a case where none of the tracers 
reaches the surface through the production well. This 
could be attributed to the fact that there might be frac-
tures or high permeability formations or regions that 
could have swayed the tracer-induced fluid into an alto-
gether different area that is not covered in the sampling 
program (R. Zhang et al. 2021).

b)	 Fractures or high permeability channels could also lead 
to insignificant pressure buildup at the injector even after 
the entire calculated fluid volume has been injected. The 
insignificant pressure could denote a short-cut between 
the injector and producer, into which the fluid has trave-
led, thus giving false or negative results (Na et al. 2020).

c)	 Improper pretest simulation study of the ‘to be done’ 
tracer test could pose as a hindrance to flow and might 
result in flow loss (Silin and Tsang 2003).

d)	 Even if the tracer test is perfectly planned and executed, 
a poor sampling program could lead to the failure of 
the objectives of the test. Low or insufficient sampling 
could lead to false results, which could ultimately lead 
to declaring that the injected fluid has been lost to the 
formation (Field 2002, 2003).

e)	 Improper study of the subsurface could also be a factor. 
If the reservoir is naturally fractured and it is not taken 
into account, it could lead to the injected fluid bypassing 
the monitoring well and could go to places very far away 
using the natural fractures of the reservoir (Harvey et al. 
1996; King et al. 1997).

f)	 Another reason could be the presence of an aquifer. The 
tracer has a specific concentration in the injected water. 
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If this injected fluid comes in contact with the aquifer, 
it could further dilute the concentration of the tracer. 
The dilution could be so severe that it could drop the 
concentration of the tracer below the minimum detection 
limit and the tracer could go unnoticed by the producer 
(Du and Guan 2005).

For SWTT (Fig. 6), the primary tracer is injected via 
water into the wellbore followed by rinsing the well-bore 
with an adequate volume of water or chemical so that there 
is no retention of its mass (Löfgren et al. 2007). Once the 
fluid is injected, the well is shut off for a calculated period. 
Shutting off the well provides a calm subsurface environ-
ment for the tracer to react with the fluids present in the 
injection zone. The primary tracer used in SWTT further 
breaks down into active and passive tracers. Another com-
pound, i.e., IPA, a material balance tracer, is also injected 
along with the ester to determine the total recovery. This IPA 
is inert to oil, water and other tracers. As the reaction takes 
place, an ester is partitioned into ethanol. Some amount of 
ester dissolves into oil and some remains in water depend-
ing upon its partitioning coefficient (AlAbbad et al. 2016; 
Serres-Piole et al. 2012; Tayyib et al. 2019). Of the amount 
that remains in the water, ethanol generates that further dis-
solves in water and disturbs the partitioning equilibrium 
between ester in oil and ester in water. To account for this 
disturbance, some ester moves from oil to water to maintain 
the partitioning coefficient (Michael Shook et al. 2004; Löf-
gren et al. 2007). Once the shut-in period is complete, pro-
duction begins and sampling starts. Initially, large amounts 
of ethanol are received along with minute quantities of ester. 
This is followed by a surge in the amount of ester detected. 
It is critical to avoid cross-contamination due to the highly 
sensitive analytical procedures required. Tracer activities 
must be meticulously planned to avoid any close contact 
between injection and sampling equipment (Michael Shook 
et al. 2004; Löfgren et al. 2007; Mahmoud et al. 2010). If 
injection pumps or tracer containers are transported after 
injection in the same vehicle or housed in the same building 
as sample bottles or sample equipment, it could be a source 
of contamination.

Laboratory analysis

This stage primarily involves a specialist chemical engineer 
for methodical detection and interpretation of the collected 
tracer samplings. The sample collected needs to be pro-
cessed/ filtered prior to analysis (AlAbbad et al. 2016; Bjorn-
stad et al. 1990; Michael Shook et al. 2017; Serres-Piole 

et al. 2011; Stockinger et al. 2016). The concentrations of the 
tracers are measured using several procedures in the labo-
ratory. Various perspectives will have varying degrees of 
uncertainty; therefore, it is important to distinguish between 
the detection limit and the quantification limit (Serres-Piole 
et al. 2012). It can be difficult to acquire precise quantifica-
tion of the tracer at concentrations near the detection limit; 
as a result, some laboratories just declare "detected" without 
quantification when the concentration is low. The samples 
can be analyzed in a variety of ways. The approaches that 
are most regularly utilized are listed here.

(i) Gas chromatography

Chromatography is defined as the process that is used to sep-
arate components present in a mixture (Ermagambet et al. 
2016). There are two basic phases present in a chromatogra-
phy experiment: the mobile phase and the stationary phase. 
The mobile phase dissolves the mixture to be separated in 
itself and then transports it through the stationary phase 
(Eiceman et al. 2002). The main phenomenon behind the 
separation is the different travel velocities of different com-
ponents while traveling through the stationary phase. The 
nature and properties of the mobile phase and the stationary 
phase affect the velocity of the components. The difference 
in velocity leads to a difference in the travel time between 
components going through the stationary phase (Santos and 
Galceran 2002). This difference in travel time is defined as 
the retention time.

To explain the concept of chromatography, refer to Fig. 9. 
The pipette-A consists of a stationary phase (light blue 
color), which is nonpolar in this case (based on assumption). 

Fig. 9   The basic working principle of chromatography ( reproduced 
with permission from Elsevier)
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A sample is loaded onto the stationary phase, which always 
is solid in nature. The loaded sample is composed of two 
different components, the more polar or less nonpolar com-
ponent (violet color) and the less polar or more nonpolar 
component (orange color). A polar type of solvent is used 
as the mobile phase is added (Pipette-B, Fig. 9). Now once 
the solvent gets past the loaded sample, it attracts a simi-
lar natured more polar component (Pipette-C, Fig. 9). This 
results in the segregation of the components and different 
speeds of the components. The one more attracted to the sta-
tionary phase moves slowly. The one attracted to the solvent 
moves fast and reaches the nozzle (Pipette-D, Fig. 9). This 
process helps in the segregation of the components (Gin and 
Imwinkelried 2018; Zuo et al. 2013).

This method is applicable when the different components 
display various colors. When there is no segregation based 
on color; then, gas chromatography is preferred. It is appli-
cable for volatile tracers (example hydrocarbon tracers) only. 
The tracer sample is obtained in the liquid state in a vial with 
a rubber cork topped with an aluminum sheet with a small 
hole in it. The vial is heated to vaporize the molecules pre-
sent in the fluid (Zuo et al. 2013). The vapor gets trapped 
between the rubber cork and the liquid interface. Once the 
vapors are trapped, an empty syringe is inserted into the 
vial through the small hole in the aluminum covering. The 
needle of the syringe punctures right through the rubber 
cork into the vial. The vapors are sucked into the syringe 
and are ready for analysis. The contents of the syringe are 
emptied into the gas sampling valve (GSV). A beaker of 
water is placed at the vent point of GSV (Cuddeback et al. 
2002). Bubbles occurring on its surface confirm the pres-
ence and passage of gas. A gas chromatograph consists of 
different sections that perform various specialized functions. 
One of its sections prepares the sample that is injected into 
the already loaded stationary phase, which is prepared in 
another section, through insulated pipes. A mobile phase is 
then added to this section. The mobile phase is always a gas 
such as nitrogen and helium. For detecting various compo-
nents present in the sample, different detectors are placed 
at the nozzle of the tube (Ashworth 1964). The commonly 
used detectors are-

a)	 Flame ionization detector (FID)

A flame is placed at the nozzle of the pipette. It breaks the 
leaving molecule into its components. This ignition of the 
leaving molecule changes its structure leading to breaking 
of the bonds and development of free electrons, which can 
move freely. This FID detects the free electron and gives a 
voltage corresponding to the concentration of the electrons 
detected (Hage 2018; Hinshaw 2006). This voltage reading 

is recorded and is plotted on a graph for comparison and fur-
ther analysis. It gives a bell-shaped curve, and the area under 
the curve gives the relative concentration of molecules. This 
area is used to calculate the tracer quantity recovered. Gases 
used for ignition in FID are hydrogen and air.

   (b)  Electron capture detector (ECD)
It works for electronegative elements only. A flame is 

provided at the nozzle, and the molecule is broken into 
components. Once the components are segregated, they are 
bombarded with electrons. The electronegative components 
of the molecule attract the electron to complete their octet. 
The electrons that are not attracted by the electro-negative 
elements reach the detector (Bunert et al. 2017). A volt-
age fluctuation is developed with respect to the received 
electrons, and a graph is plotted (Lasa et al. 1994). Even 
if two components show a similar voltage fluctuation, they 
can be differentiated based on the time at which they are 
received. If two components come out at the same time, a 
temperature difference is provided to further segregate them 
out (Pasco and Schwarz 1983). This process is called tem-
perature ramping.

     (ii) Spectrophotometer
The basic principle behind the working of the spectro-

photometer is the Beer–Lembert law. The law states that 
there is a linear relationship between the concentration 
and absorbance of a solution. It associates the attenuation 
of light with the characteristics or properties of the mate-
rial it is forced to pass through (Mayerhöfer et al. 2019; 
Swinehart and Schmidt 1967). This method of tracer detec-
tion and calculation is used for nonvolatile chemical tracer 
detection. The sample solution is diluted with a coloring 
agent, which imparts color when reacted with tracer mol-
ecule. After a specific standard time has been given to the 
colored solution, it is put up in a test tube for further investi-
gation. Spectrophotometer passes light through this test tube 
and the colored molecules absorb light. The light absorbed 
(decrease in the amplitude of the incident light) (Gin and 
Imwinkelried 2018) is proportional to the concentration of 
molecules present.

   (iii) Liquid scintillation counter
It is used for radioactive tracer detection. The tracer 

always keeps on emitting beta particles (β particles). The 
solution is bombarded with photons, which react with β 
particles and emit a different compound and detected at the 
detectors (Hou 1989; Hou and Dai 2020). For SWTT, the 
concentration of ethanol and ester received vs. the produc-
tion done is plotted on a graph. This graph gives two bell-
shaped curves each having a distinguished peak. The hori-
zontal distance between the two peaks gives the retardation 
factor (Fig. 10).



3351Journal of Petroleum Exploration and Production Technology (2022) 12:3339–3356	

1 3

β = Retardation factor.
Qa = Total liquid production value when peak of ester is 

received.
Qb = Total liquid production value when peak of alcohol 

is received.
The retardation factor and partitioning coefficient are 

used to determine the residual oil saturation.

Sros = Residual oil saturation.
K = Partitioning coefficient.
β = Retardation factor.
Tracer interpretation or tracer concentration calculation 

is a subsection of the laboratory analysis phase. It depends 
on multiple scenarios and has various restrictions and para-
metric limitations. According to Xie et al. 2012, interpreta-
tion methods are broadly classified according to their con-
sideration of the geological model. The method not taking 
geological model into account is termed as landmark, and 
their counterparts are further divided into three subsections, 
namely analytic method, numerical simulation method and 
semianalytic method. Application of these methods further 
depends upon the complexity of the well injection and pro-
duction pattern and the migration mechanism adopted by the 
injected fluid. Table 2 depicts a review of different types of 

(7)� =
Qa

Qb

− 1

(8)Sros =
�

� + K

tracers used to study different areas of oil and gas industry 
along with their detection and or interpretation methods.

Conclusion

Tracers are a rapid, cost-effective way to gain insight into 
complex reservoirs where interactions of multiple variables 
make simulation or analytical description difficult. Chemi-
cal tracers have a proven track record of delivering a greater 
return on investment for operators by providing important 
flow insights into porous reservoirs. However, the success of 
a tracer study is dependent on using the correct tracer and a 
suitable technique. Similarly, data analysis through machine 
learning methods (Joshi et al. 2021; Khilrani et al. 2021) 
combined with the results obtained through the tracer test 
can be integrated with the knowledge of reservoirs gained 
from other sources to successfully plan secondary and ter-
tiary O&G recovery methods.

1.	 The radioactive and chemical tracers are the most com-
mon and prominent ones within various types of avail-
able tracers. A comprehensive delineation of subsurface 
and near-wellbore properties can be done by effectively 
selecting and utilizing these tracers. Although tracers 
are subjected to environmental criticism, constant tech-
nological developments and availability of novel tracers 
are making tracer testing a sought after tool for reservoir 
characterization.

Fig. 10   Plotting of the passive 
and partitioning tracer concen-
tration received vs. production 
done for an SWTT (Bu et al. 
2014)
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2.	 Different types of tracer testing techniques, IWTT and 
SWTT, make tracer testing adaptable for all kinds of 
field development programs. Present reservoir charac-
terization tools, surveys and logs, characterize only the 
near wellbore region or give a generalized picture of 
the reservoir, whereas tracer testing gives an exhaustive 
insight into the reservoir and helps in the formulation of 
an effective and efficient secondary and tertiary develop-
ment plan for the reservoir.

3.	 Tracer analysis methods such as gas chromatography, 
spectrophotometer and liquid scintillation counter can 
be coupled with artificial intelligence/machine learning 
principles for generating and comprehending the results 
of tracer testing. AI/ML techniques and principles can 
also be used to develop an efficient plan for conducting 
and implementing an effective tracer test.

4.	 Apart from reservoir characterization, with the advent of 
technology, tracers are being used for production profil-
ing as well. Smart tracers not only help in characterizing 
the reservoir but they also detect, quantify and monitor 
phase breakthroughs (Samantray et al. 2018). Sustained-
release tracers are one such example of smart tracers. 
They are cost-effective, sustainable, and relatively sim-

pler than production logging tools to help develop the 
production profile of wells (Li et al. 2021). Nano-tracers 
are also used where quantitative subatomic detection is 
required.

5.	 Tracer testing has also been proven to help in unconven-
tional reservoirs. The unconventional reservoirs are sub-
jected to multiple fracturing and EOR techniques (Joshi 
et al. 2022); tracers can also be utilized to study the 
effect of production while fracturing and EOR process 
are underway (Wu et al. 2022). Therefore, providing a 
real-time data analysis of the process helps in optimizing 
the same.
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Table 2   A literature review of various types of tracers used and their detection/ interpretation methodology in different fields of oil and gas, 
E&P activities

s. no Field of study/laboratory study Type of tracers used Interpretation method References

1 Oil and gas reservoir Radioactive The author basically mentioned 
two interpretation methods, 
ionization and conversion of 
radiation to light by scintilla-
tion counting

(Zemel, 1995b)

2 Flow pattern geometry in reser-
voir floods

Water flood field tracer (Chemi-
cal)

The explication is done on the 
basis of the pattern break-
through curve

(Abbaszadeh, 1995; Brigham 
et al. 1965)

3 Well testing Chemical and radioactive The elucidation is done by the 
author on the basis of the ion 
exchange procedure

(Zemel, 1995c, 1995d)

4 Residual oil measurement Chemical There are several methods for 
residual oil management. The 
log-inject-log (LIL) method 
is used to obtain quantitative 
results. The author discussed 
the single-well tracer test 
(SWTT) and two-well tracer 
testing (TWTT) in detail

(Zemel, 1995e)

5 Oil field tracers for inter-well 
tests

Gas and radioactive The author explicated both theo-
retically and experimentally

(Wallick and Jenkins, 2004; 
Zemel, 1995f)

6 Well logging Radioactive The author mentioned nuclear 
logs as the interpretation 
method

(Zemel, 1995g)

7 Detection in the borehole of an 
oil well

Chemical and radioactive The author interpreted nuclear 
logs as the principal one. 
Magnetic resonance log is been 
used as tracers with LIL studies

(Zemel, 1995g)
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