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1. INTRODUCTION 
 
The iTOUGH2 simulation-optimization framework [https://itough2.lbl.gov; Finsterle, 2017a,b,c] is 
a numerical toolset for parameter estimation by automatic history matching (also referred to as 
inverse modeling), local and global sensitivity analyses, data-worth analysis, as well as linear and 
sampling-based uncertainty propagation analyses. iTOUGH2 is based in the TOUGH2 
nonisothermal multiphase flow and transport simulator [https://tough.lbl.gov; Pruess et al., 2012], 
which is extensively used in subsurface research and engineering applications ranging from 
geothermal reservoir engineering, nuclear waste isolation, fractured rock hydrology, environmental 
remediation, oil and gas production, and many other areas involving coupled flows of multi-
component fluids and energy. In particular, the TOUGH simulator has a long history of supporting 
the understanding, exploration, design, and exploitation of geothermal resources in diverse 
geological settings.  

One of the most basic TOUGH equation-of-state (EOS) modules—termed EOS1—is routinely used 
to simulate the coupled flow of pure water and heat in liquid, vapor, and two-phase states. As an 
option, EOS1 is able to represent two components of identical physical properties, allowing 
separate tracking of two waters of different origins or different trace constituents.  

In geothermal reservoir engineering and elsewhere, tracer tests have become a recognized technique 
to identify flow paths and connections between injection and production wells, and to characterize 
reservoir properties, including porosity and fracture-matrix interface areas. In complex systems 
(such as fractured geothermal reservoirs), multiple tracers are injected through multiple wells, either 
sequentially or concurrently, and their breakthrough curves or cumulative recovered mass are 
recorded in observation wells and analyzed to conceptualize the geologic formation and to obtain 
quantitative estimates of some of the reservoir’s properties. For highly simplified geometries and 
testing protocols, tracer test data can be examined using analytical solutions. However, for more 
complex systems, a numerical reservoir simulator must be used to track multiple tracers through 
non-uniform property and state fields that may undergo erratic variations with time either due to 
long-term natural trends or changing testing and operating conditions. In addition—and more 
significantly—it is essential to analyze multiple tracer tests simultaneously and preferably as part of 
an inversion that includes other, complementary data (such as pressures, flow rates, temperatures, 
enthalpies, but also deformation data or signals form time-lapse geophysical surveys).  Such a 
multiphysics joint inversion approach has the potential to resolve ambiguities that cannot be 
disentangled using individual tracer test inversions. The iTOUGH2 simulation-optimization code 
provides a framework and associated computational tools for such a multiphysics joint inversion 
approach [Finsterle et al., 2016]. 

A new equation-of-state module was developed (termed EOS1nT), which is capable of simulating 
multiple tracers. As in its parent EOS1 module, the tracers are simplified in that they have the same 
physical properties as pure water, with the exception that they may preferentially partition into the 
liquid or steam phase, that they may adsorb to the solid phase, and that they may decay with time. 
EOS1nT inherits all the capabilities of regular TOUGH2 [Pruess et al., 2012] and the extensions 
described in Finsterle [2017d]. Moreover, its integration into the iTOUGH2 framework makes it a 
powerful tool to analyze data from tracer test conducted in geothermal systems. 
This manual describes the capabilities and limitations of iTOUGH2-EOS1NT, and presents 
examples demonstrating the use of the module.    
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2. INSTALLATION AND EXECUTION 

Compilation and installation of iTOUGH2 is described in read-me files distributed with the code. 
To make an iTOUGH2-EOS1NT executable, simply compile file eos1nt.f along with the other EOS 
modules and standard TOUGH2 and iTOUGH2 files to create the executable (see file read_me.txt). 
(On Unix platforms, you may use the script it2make [options]). 
Like any iTOUGH2 application, iTOUGH2-EOS1NT reads in two main input files: an iTOUGH2 
and a TOUGH2 input file; options specific to iTOUGH2-EOS1NT are described in Section 4.  
iTOUGH2-EOS1NT is executed like any standard iTOUGH2 application, i.e., either using the 
executable directly, or (preferably) using the script file itough2 (Linux/Unix) or itough2.bat (PC). 
Use either “1” or “1nT” or “tracer” as the EOS identifier (either if prompted or as the last 
argument on the command line when using script or batch file itough2). To execute the old EOS1 
module of Pruess et al. [2012], use “1old” as the EOS identifier.  
This manual supplements the TOUGH2 user’s guide [Pruess et al., 2012], the description of 
extensions in the forward model as implemented in iTOUGH2 [Finsterle, 2017d], and the 
iTOUGH2 manuals [Finsterle, 2017a,b,c].  
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3.  MODULE DESCRIPTION 
EOS1nT is an extension of the EOS1 module, allowing for the simultaneous tracking of multiple 
waters, each traced with a unique trace component (in EOS1, only two distinct waters can be 
tracked). By convention, the first component is considered the “bulk water”, and the additional 
NTRACER = NK - 1 components are trace components. Note, however, that the trace components 
may be present in large (i.e., non-trace) concentrations without impacting the physical properties of 
pure water. Tracer concentrations and tracer injection amounts can thus be suitably scaled to 
improve the numerical performance of the simulator, if needed.  
By default, the tracers partition between the liquid and steam phases as does regular water, i.e., the 
mass fractions of a tracer in the steam phase is identical to that in the liquid phase. For this scenario, 
tracers can be thought of as labeled water molecules, where the labeling has no impact on the 
molecules properties.  
Unlike EOS1, EOS1nT allows the user to specify a partitioning coefficient 𝐾!"#  for each tracer 
component to approximately simulate the behavior of tracers that preferentially partition into the 
liquid (l) or gas (g) phase. The partitioning coefficient is defined as 

 𝐾!"# =
$!
"

$#"∙&#
 (1) 

where 𝑋!# and 𝑋"# are the mass fractions of the tracer in the liquid and gas (steam) phase, 
respectively, and 𝑃" is the gas pressure. Thus, a large partitioning coefficient reflects a water-
soluble tracer, whereas a small 𝐾!"#  value represents a volatile tracer. 
Adsorption of tracers dissolved in the liquid phase on the solid grains is modeled as reversible, 
instantaneous, linear sorption. The mass of tracer T adsorbed per unit volume is written as: 

 𝑀'()
# = (1 − 𝜙)𝜌*𝜌!𝑋!#𝐾(#𝑓* (2) 

Here, 𝜙 is porosity, 𝜌* and 𝜌! are rock-grain and liquid densities, respectively, 𝑋!# is the tracer mass 
fraction in the liquid phase, 𝐾(# is a tracer-related liquid phase distribution coefficient, and 𝑓* is a 
rock-specific sorption scaling factor. A retardation factor can be estimated as follows: 

 𝑅 = 1 + +$
,
𝐾(#𝑓* ≥ 1 (3) 

Tracers may decay or degrade according to the following exponential law: 

 𝑑𝑀-
# = −𝜆#𝑀-

#𝑑𝑡 (4) 

Here, 𝑀-
# = 𝜙𝑆-𝜌-𝑋-

# is the tracer mass in phase 𝛽 per unit volume (where 𝑆- is the saturation of 
phase 𝛽), and the rate constant 𝜆# is related to the half-life 𝑇#,//1 as 𝜆# = 𝑙𝑛2 𝑇#,//1⁄ .  
The Arrhenius expression [Rose et al., 2001] is used to describe the temperature dependence of the 
decay constant: 

 𝜆#(𝑇) = 𝐴 ∙ 𝑒(3% *#⁄ ) (5) 
where 𝐴 is the pre-exponential factor, 𝐸' is the activation energy, 𝑅 is the universal gas constant, 
and 𝑇 is absolute temperature. A linearization of the Arrhenius expression results in 

 ln@𝜆#(𝑇)A = 𝐵 − 6
#
 (6) 

where 𝐵 = ln	(𝐴) and 𝐶 = 𝐸' 𝑅⁄ . Parameters 𝐵 and 𝐶 can be determined by estimating the 
intercept and slope of experimental data of ln	(𝜆#(𝑇)) and inverse temperature, or by inverse 
modeling (see Section 4.4). Non-decaying tracers are simulated by specifying a decay constant and 
Arrhenius pre-exponential factor of zero. Tracers may decay into pure water or any of the other 
tracer components. 
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In scenarios that involve partitioning, sorbing, or decaying tracers, it is recommended to specify 
actual (typically small) tracer concentrations and tracer injection rates. 
All water and tracer thermodynamic properties (i.e., density, specific enthalpy, viscosity, and 
saturated vapor pressure) are calculated from steam table equations as given by the International 
Formulation Committee [IFC, 1967] (for MOP2(11) = 0) or the thermodynamic formulations of 
IAPWS-IF97 [International Association for the Properties of Water and Steam, 2007] (for 
MOP2(11) = 1). However, the thermodynamic range is limited to subcritical conditions, i.e., 
Subregions 1, 2, and 6. (For a TOUGH module that handles sub- and supercritical conditions—
albeit without tracers—see Magnusdottir and Finsterle [2015].) Tracers may diffuse in both the 
liquid and gas phase (see block DIFFU); hydrodynamic dispersion is not accounted for. 
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4. INPUT FORMATS 

4.1 Specifying Multiple Tracers, Block MULTI 

The number of tracers NTRACER is selected in block MULTI by setting NK = NTRACER + 1 and 
NEQ = NK + 1. The optional parameter NKIN ≤ NK can be set to initialize simulations from data 
generated by a run that included none of fewer that NTRACER tracers. 

Block MULTI must appear before block TRACE (see Section 4.3), and, if NKIN < NK, before 
blocks PARAM, INDOM, or INCON. 
 
Record MULTI.1 

 Format (5I5) 
 NK, NEQ, NPH, NB, NKIN 

NK Number of mass components; component No. 1 is water; components No. 2 to NK 
are NTRACER = NK - 1 tracer components. 

NEQ Number of balance equations per grid block. Usually, NEQ = NK + 1, except for 
isothermal simulations of a single water component (i.e., NEQ = NK), whereby the 
entire model is either single-phase liquid or single-phase vapor.  

NPH Number of phases that can be present. 

NB Number of secondary parameters other than component mass fractions. Set NB = 8 
to include multiphase diffusion, and NB = 6 otherwise. 

NKIN Number of mass components in block INCON. Default is NKIN = NK. This 
parameter can be used to initialize an EOS1nT continuation run that involves more 
trace components than the system state stored on file SAVE generated by a previous 
simulation. 

Figure 1 shows an example of a MULTI block, where a system involving water and 3 tracers is 
simulated as a continuation of an initialization run that only contained water.  

 
 
 

MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    4    5    2    6    1     
 

Figure 1. Example of MULTI block used for the selection of multiple tracers. 
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4.2 Primary Variables 
A summary of EOS1nT specifications and parameters is given in Table 1. Tracers are initialized by 
setting NK = NTRACER + 1 in block MULTI, and by providing NTRACER tracer mass fractions in 
the liquid phase as primary variables in slots 3 to NEQ of blocks PARAM.4, INDOM, and/or INCON. 
The sum of the tracer mass fractions must be less than one, as 𝑋!7 = 1 − ∑ 𝑋!#8#*963*

#:/ . Note that 
there are two options to initialize two-phase conditions based on the assumption that all components 
behave like water, i.e., 𝑃" = 𝑃)';(𝑇). If the numerical value of the first primary variable is less than 
374.14, it is interpreted as being temperature and internally converted to pressure. 

TOUGH2 and iTOUGH2 generally refer to and request the number of a component rather than the 
number of a tracer, e.g., in block GENER or OUTPUT; it is therefor essential to recall that “tracer i” 
equals “component (i + 1)”. Occasionally, “tracer i” is also referred to as “water (i + 1)”, the 
terminology used in TOUGH2-EOS1nT. 

 
 

Table 1. Components, phases, and primary variables for EOS1NT.  

Components # 1: water 1 or    water 
 # 2: water 2 or    tracer 1 
 # 3: water 3 or    tracer 2 
 … 
 # i: water i or    tracer i-1 
 … 
 #NK: water NK or    tracer NK-1 
Parameter choices 
(NK, NEQ, NPH, NB%,NKIN) =  
 (1, 2, 2, 6) water, nonisothermal (default) 
 (1, 1, 2, 6) water, either only liquid or only vapor; isothermal 
 (NK, NK+1, 2, 6) water, NK-1 tracers, nonisothermal* 

Primary Variables 

 single-phase region 
 (P, T, [X(i), i=2…NK]) - (pressure, temperature, [mass fraction of tracer i-1]†) 

 two-phase region 

  Option A 
 (Pg, Sg, [X(i), i=2…NK]) - (gas pressure, gas saturation, [mass fraction of tracer i-1]†) 

  Option B 
 (T, Sg, [X(i), i=2…NK]) - (temperature, gas saturation, [mass fraction of tracer i-1]†) 

*  water and one or more tracers cannot be run in isothermal mode 
†  optional, for NK ≥ 2 only 
% molecular diffusion can be modeled by setting NK ≥ 2, NB = 8 
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4.3 Partitioning, Adsorption, and Degradation, Block TRACE 

By default, iTOUGH2-EOS1nT simulates the same processes as TOUGH2-EOS1 [Pruess et al., 
2012], with the exception that more than one tracer component can be handled. However, in 
addition, EOS1nT implements approximations of phase partitioning, adsorption, and degradation 
processes, as described in Section 3. Any of these three processes can be included by specifying 
non-zero parameter values in a new block TRACE. Block TRACE consists of exactly NTRACER = 
NK – 1 lines, each line containing the following parameters: 
 
Record TRACE   
 Format (6E10.4, I10,A10) 
 TRHENRY, TRKD, TRLAMBDA, TRMW, ITRDAUGHTER, CTRACER 
TRHENRY Inverse Henry constant, or liquid phase solubility, 𝐾!"#  [Pa-1]; see Equation (1). If 

set to zero, the tracer behaves like labeled water, as in standard TOUGH2, i.e., 
𝑋"# = 𝑋!#. A large partitioning coefficient reflects a water-soluble tracer, whereas a 
small value represents a volatile tracer. 

TRKD Linear, tracer-specific distribution coefficient, 𝐾(# [m3 kg-1]. The linear sorption 
coefficient consists of this tracer-specific distribution coefficient and a factor, 𝑓*, 
i.e., 𝐾(#* = 𝐾(# ∙ 𝑓*, see Equation (2). The rock-specific sorption scaling factor 𝑓* 
needs to be provided in block ROCKS1.1, columns 51–60. By default, 𝑓* = 1. 
Adsorption of tracer dissolved in the liquid phase onto the solid grains is invoked 
by specifying a non-zero 𝐾(# value. If a negative value is provided, TRKD is 
interpreted as a retardation factor; it is internally converted to the corresponding 
𝐾(#* value; see Equation (3). 

TRLAMBDA Decay constant for tracer degradation, 𝜆# [s-1]; see Equation (4). The rate constant 
is related to the half-life 𝑇#,//1 as 𝜆# = 𝑙𝑛2 𝑇#,//1⁄ . Tracer degradation is initiated 
by specifying a non-zero decay constant. A positive decay constant invokes an 
implicit scheme for radioactive decay; a negative value invokes a midpoint 
average decay scheme. 

TRARR(1) Arrhenius pre-exponential factor 𝐴 (J/mol) see Equation (5). If 
negative, -TARR(1) is parameter 𝐵 = ln	(𝐴) of the linearized Arrhenius 
expression, see Equation (6). If zero, the pseudo-first-order decay-rate constant is 
a temperature-independent constant given by TRLAMBDA. 

TRARR(2) Arrhenius activation energy 𝐸', see Equation (5). If TRARR(1) is negative, 
TRARR(2) is parameter 𝐶 = 𝐸' 𝑅⁄  of the linearized Arrhenius expression, see 
Equation (6). 

TRMW Molecular weight of tracer used to calculate mass of decay product. 
ITRDAUGHTER Integer identifying the daughter tracer component into which a degrading tracer 

decays. If zero, tracer decays into pure water (i.e., Component 1); if negative, the 
daughter product disappears. If 99, the corresponding component is considered to 
represent brine, with associated density and viscosity effects as specified in block 
SELEC (see EOS7 in Pruess et al. [2012]). 

CTRACER Name of tracer. Avoid blanks within the tracer name. 

All tracer parameters can be estimated or analyzed in iTOUGH2 (see Sections 4.4 through 4.8 and 
Section 5.2).  

Block TRACE must be placed after block MULTI. Figure 2 shows an example of a TRACE block.  
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MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    8    9    2    6 
 
TRACE---IH----*---KD----*---KS----*----A----*---Ea----*---MW----*---ID----*----8 
       0.0       0.0       0.0       0.0       0.0    18.016         0   
   1.0E+08   1.0E-04                                                 0   
   1.0E-08             1.0E-06                        18.016         4     
       0.0      -2.0       0.0                                       0 
   1.0E+08                       4.04E11   205000.0  286.272        -1   1,5-nds 
   1.0E+08             1.0E-08                       288.288         7   2,7-nds 
   1.0E+08                                           230.220         0   2-ns 
 
Tracer 1: traced water 
Tracer 2: water-soluble, sorbing, stable tracer   
Tracer 3: volatile, non-sorbing, decaying tracer; decay product is Tracer 4 
Tracer 4: stable, retarding daughter of Tracer 3 
Tracer 5: temperature-dependent degrading tracer, daughter not tracked 
Tracer 6: slowly degrading tracer, constant decay-rate, daughter is Tracer 7 
Tracer 7: stable decay product of Tracer 6    
 

Figure 2. Example of TRACE block used for specifying various tracer properties. 
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4.4 iTOUGH2 Command >> ARRHENIUS  
 
Command 
>> ARRHENIUS 
 
Parent Command 
> PARAMETER 
 
Subcommand 
>>> TRACER 
 
Description 
This command selects as a parameter the Arrhenius coefficient (TOUGH2 variable 
TRARR(NTR,i)) of tracer NTR, where TRARR(NTR,1) is the pre-exponential factor A of 
Equation (5), or—if negative—parameter 𝐵 = ln	(𝐴) of Equation (6), and TRARR(NTR,2) is the 
activation Energy 𝐸' of Equation (5), or, if—TRARR(NTR,1) is negative—parameter 𝐶 = 𝐸' 𝑅⁄  
of Equation (6). Index i is specified through command >>>> INDEX.  
 
Example 
> PARAMETER 
  >> ARRHENIUS coefficient 
     >>> TRACER: 1 
         >>>> ANNOTATION: Arrhenius A 
         >>>> INDEX: 1 
         >>>> LOGARITHM 
         >>>> GUESS: 11.0  
         <<<< 
     >>> TRACER: 1 
         >>>> ANNOTATION: Arrhenius E_a 
         >>>> INDEX: 2 
         >>>> VALUE 
         >>>> GUESS: 2E5 
         <<<< 
     <<< 
  << 
 
See Also 
>> DEGRADATION 
  



 

   
iTOUGH2-EOS1NT USER’S GUIDE PAGE 14 OF 34 

4.5 iTOUGH2 Command >> DECAY  
 
Command 
>> DECAY 
 
Parent Command 
> PARAMETER 
 
Subcommand 
>>> TRACER 
 
Description 
This command selects as a parameter the decay constant (TOUGH2 variable TRLAMBDA(NTR)) of 
tracer NTR. 
 
Example 
> PARAMETER 
  >> DECAY constant 
     >>> TRACER: 1 
         >>>> ANNOTATION: Degradation 1 
         >>>> LOGARITHM 
         >>>> GUESS: -5.0 (about a half-life of 1 day)  
         <<<< 
     >>> TRACER: 2  3 
         >>>> ANNOTATION: Degradation 2 3 
         >>>> FACTOR 
         <<<< 
     >>> Tracer: 4 
         >>>> ANNOTATION: Degradation 4 
         >>>> VALUE 
         >>>> RANGE: 8.0E-5  8.0E-6 
         <<<< 
     <<< 
  << 
 
See Also 
>> ARRHENIUS 
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4.6 iTOUGH2 Command >> DISTRIBUTION and >> RETARDATION 
 
Command 
>> DISTRIBUTION 
or 
>> KD VALUE 
or 
>> RETARDATION 
 
Parent Command 
> PARAMETER 
 
Subcommand 
>>> TRACER 
 
Description 
This command selects as a parameter the tracer distribution coefficient or (if negative) the 
retardation factor (TOUGH2 variable TRKD(NTR)) of tracer NTR. 
 
Example 
> PARAMETER 
  >> DISTRIBUTION coefficient 
     >>> TRACER: 1 
         >>>> ANNOTATION: Kd value Tr. 1  
         >>>> LOGARITHM 
         >>>> RANGE     : -6.0 -4.0  
         <<<< 
     <<< 
 
  >> RETARDATION factor 
     >>> TRACER: 2 
         >>>> ANNOTATION: Retard. Tr. 2  
         >>>> VALUE 
         >>>> RANGE     : -5.0 -1.0 
         <<<< 
     <<< 
  << 
 
See Also 
- 
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4.7 iTOUGH2 Command >> KD SCALING  
 
Command 
>> KD SCALING 
 
Parent Command 
> PARAMETER 
 
Subcommand 
>>> MATERIAL 
 
Description 
This command selects as a parameter the material-dependent tracer Kd scaling factor (TOUGH2 
variable FOC(NMAT)) of material NMAT. 
 
Example 
> PARAMETER 
  >> KD SCALING factor 
     >>> MATERIAL: SHALE 
         >>>> ANNOTATION: Kd scaling  
         >>>> LOGARITHM 
         >>>> RANGE     : -1.0 2.0  
         <<<< 
     >>> MATERIAL: ROC_1 + 4 
         >>>> ANNOTATION: Default/fixed  
         >>>> VALUE 
         >>>> GUESS     :  1.0 
         >>>> INACTIVE 
         <<<< 
     <<< 
  << 
 
See Also 
- 
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4.8 iTOUGH2 Command >> PARTITIONING  
 
Command 
>> PARTITIONING 
 
Parent Command 
> PARAMETER 
 
Subcommand 
>>> TRACER 
 
Description 
This command selects as a parameter the phase partitioning coefficient (TOUGH2 variable 
TRHENRY(NTR)) of tracer NTR. 
 
Example 
> PARAMETER 
  >> PARTITIONING coefficient 
     >>> TRACER: 1 
         >>>> ANNOTATION: Gas tracer 
         >>>> LOGARITHM 
         >>>> GUESS     : -10.0  
         <<<< 
     >>> TRACER: 2  3   6 
         >>>> ANNOTATION: Liquid tracer 
         >>>> LOGARITHM 
         >>>> GUESS     :  7.0  
         <<<< 
     <<< 
  << 
 
See Also 
- 
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4.9 iTOUGH2 Command >>> TRACER  
 
Command 
>>> TRACER 
 
Parent Command 
>> DECAY 
>> DISTRIBUTION 
>> KD VALUE 
>> PARTITIONING 
>> RETARDATION 
 
Subcommand 
- 
 
Description 
This command identifies the tracer number NTR. 
 
Example 
> PARAMETER 
  >> DECAY constant 
     >>> TRACER: 1 
         >>>> LOGARITHM 
         >>>> GUESS: -5.0 (about a half-life of 1 day)  
         <<<< 
     <<< 
>> PARTITIONING coefficient 
     >>> TRACER: 1 
         >>>> ANNOTATION: Gas tracer 
         >>>> LOGARITHM 
         >>>> GUESS     : -10.0  
         <<<< 
  >> RETARDATION factor 
     >>> TRACER: 2 4 
         >>>> ANNOTATION: Retardation 
         >>>> VALUE 
         >>>> RANGE     : -5.0 -1.0 
         <<<< 
     <<< 
  << 
 
See Also 
- 
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5. EXAMPLES 
The examples in this section are all tutorial. Their purpose is to demonstrate the use of EOS1nT. 

5.1 One-Dimensional Transport of Conservative, Sorbing, and Decaying Tracers 
A simple one-dimensional problem is set up to test and demonstrate the new tracer-transport 
options. The TOUGH2 and iTOUGH2 input files are named samTR1 and samTR1i, respectively. 
The TOUGH2 input file is shown in its entirety in Figure 3. 

A total of eight tracers are tracked. Six tracers along with pure water  (see block MULTI) are 
injected at a constant total rate of 1 kg/s at one end of a 100 m long stream tube with a cross section 
of 1 m2 (see block MESHM). The same total amount is produced at the other end. Tracers 5 and 8 are 
initially not present or injected into the system; they are defined to track the decay product of the 
third tracer and seventh tracers, respectively. The tube is filled with fully liquid saturated rock of 
porosity 0.105 (see block ROCKS), resulting in a constant pore velocity of 0.01 m/s. The eight 
tracers have various properties (see block TRACE), representing conservative, sorbing, and 
degrading tracers, either using constant or temperature-dependent decay rate. They are injected as a 
uniform or non-uniform pulse (see block GENER); daughter tracers internally generated as the decay 
product of a parent tracer. A high permeability and high initial pressure is given to prevent boiling 
in the production element at early times. The tube is heated up by the injection of water with 
increasing enthalpy. The problem set-up is summarized in Table 2. 
 

Table 2. Model set-up for 1D tracer test.  

Components 
Number of components 9 
Number of tracers 8 
Number of equations 10 

Component 

Injection Adsorption Degradation 

Rate Total mass 
injected [kg] 

Kd  
[m3/kg] 

R 
[-] 

l  
[s-1] Half-life  

Water variable 39670.0 non-sorbing non-decaying 
Tracer 1 uniform pulse 100.0  non-sorbing non-decaying 
Tracer 2 uniform pulse 100.0  4×10-5 2.0 non-decaying 
Tracer 3 uniform pulse 100.0  non-sorbing 1.4×10-4 5000 s 
Tracer 4 non-uniform pulse 30.0 10-5 1. 5 non-decaying 
Tracer 5 none (decay product) 0.0 non-sorbing non-decaying 
Tracer 6 uniform pulse 100.0 non-sorbing T-dep. decay 
Tracer 7 uniform pulse 100.0 10-5 1. 5 4×10-5 17330 s 
Tracer 8 none (decay product) 0.0 non-sorbing non-decaying 

Model Domain 
Length  100 m 
Element dimensions 0.1 ´ 1.0 ´ 1.0 m3 

Material Properties 
Permeability 10-10 m2 
Porosity 0.105 
Pore compressibility 10-8 Pa-1 
Rock grain density 2650 kg m-3 
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samTR1: 1D tracer experiment, 4 tracers 
MESHM--+-1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
XYZ 
 
NX    1000       0.1 
NY       1       1.0 
NZ       1       1.0 
 
 
MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    9   10    2    6 
TRACE---IH----*---KD----*----L----*-ARR1----*-ARR2----*---MW----*--DID----*----8 
       0.0       0.0       0.0       0.0       0.0       0.0         0 
       0.0      -2.0 
       0.0             1.39E-4                                       5 
       0.0     1.e-5 
       0.0     1.e-4 
       0.0                       1.00E22   200000.0                 -1 
       0.0      -1.5   4.00E-5                         200.0         8 
       0.0                                             100.0         0 
 
Tracer 1: traced water 
Tracer 2: retarding, stable tracer 
Tracer 3: non-sorbing, decaying tracer; decay product is Tracer 5 
Tracer 4: stable, sorbing tracer 
Tracer 5: stable, sorbing decay product of Tracer 3 
Tracer 6: temperature-dependent degrading tracer, daughter not tracked 
Tracer 7: degrading tracer, retarding, constant decay-rate, daughter is Tracer 8 
Tracer 8: stable decay product of Tracer 7 
 
ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
RESER    1     2650.     0.105    1.E-10                           2.1     1000. 
 1.000E-07 
 
PARAM----1----*-123456789012345678901234----*----5----*----6----*----7----*----8 
   21000    9999100000100000000400006000 
  -1.0E+03     1.0E8       1.0     6.0E2 
     1.E-8                                             1.E-8 
              1.0E07             120.000                 0.0                 0.0 
                 0.0                 0.0                 0.0                 0.0 
                 0.0                 0.0 
MOMOP----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
2 1                      4 
START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
GENER-T--1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 1000PRO 1                         MASS    -1.0000 
    1WAT 1                  10     WATEe    1.0000 
 -1.0E50   1.0000   5.0E5 
     0.0   1.0000   5.0e5 
     0.01  0.5000   5.0e5 
  2000.0   0.5000   5.1e5 
  2000.01  1.0000   5.1e5 
 10000.0   1.0000   6.0e5 
 10000.1   0.9900   6.0e5 
 11000.0   0.9500   6.1e5 
 11001.0   1.0000   6.1e5 
100000.0   1.0000  15.0e5 
    1TRC 1                   6     TRC1     0.1000 
 -1.0E50   0.0000 
     0.0   0.0000 
     0.01  0.1000 
  1000.0   0.1000 
  1000.01  0.0000 
  1.0E50   0.0000 
    1TRC 2                   6     TRC2     0.1000 
 -1.0E50   0.0000 
     0.0   0.0000 
     0.01  0.1000 
  1000.0   0.1000 
  1000.01  0.0000 
  1.0E50   0.0000 
    1TRC 3                   6     TRC3     0.1000 
 -1.0E50   0.0000 
     0.0   0.0000 
     0.01  0.1000 
  1000.0   0.1000 
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  1000.01  0.0000 
  1.0E50   0.0000 
    1TRC 4                   6     TRC4     0.0100 
 -1.0E50   0.0000 
 10000.0   0.0000 
 10000.1   0.0100 
 11000.0   0.0500 
 11001.0   0.0000 
 1.0E+50   0.0000 
    1TRC 6                   6     TRC6     0.1000 
 -1.0E50   0.0000 
  1000.0   0.0000 
  1000.01  0.1000 
  2000.0   0.1000 
  2000.01  0.0000 
  1.0E50   0.0000 
    1TRC 7                   6     TRC7     0.1000 
 -1.0E50   0.0000 
  1000.0   0.0000 
  1000.01  0.1000 
  2000.0   0.1000 
  2000.01  0.0000 
  1.0E50   0.0000 
 
ENDCY----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 

Figure 3. TOUGH2 input file samTR1 for 1D tracer transport problem.  

 
Figure 4a shows the tracer returns as breakthrough curves, whereas Figure 4b shows the cumulative 
tracer recovered. All curves show a smooth breakthrough instead of a sharp front; this is due to 
(considerable) numerical dispersion. However, the arrival times of the center of mass are as 
expected: The non-sorbing Tracers 1 and 3 (which are injected between time zero and 1,000 
seconds) take 10,500 seconds to cover the 100 m at a pore velocity of 0.01 m/s. The decaying 
Tracer 3 arrives at the same time; its recovered mass, however, is reduced by a factor of 4 to 25 kg, 
as two half-lives have passed for it to arrive at the outlet. Its decay product (Tracer 5) is not injected 
as a pulse, but generated continuously at a variable rate as the parent tracer (Tracer 3) migrates 
along the stream tube. Moreover, it is sorbing and thus shows a drawn-out breakthrough curve. The 
sum of the recovered mass of Tracers 3 and 5 (25 + 75 kg) equals the total injected amount of 
Tracer 3 (100 kg), as expected. The sorbing Tracers 2 and 4 are delayed by their respective 
retardation factors (note that Tracer 4 was released after 10,000 seconds). Tracer 4 is injected at a 
non-uniform rate; nevertheless, to total injected amount of 30 kg is fully and accurately recovered. 
Tracer 6, which has a temperature-dependent decay rate, degrades at a rate that increases with time 
as the stream tube heats up. Tracer 8 is the daughter product of the degrading Tracer 7. As it is non-
sorbing, it arrives at the production end earlier than its sorbing parent tracer. Its molecular weight is 
half that of its parent. The cumulatively recovered amount of Tracer 8 (15.4 kg) is thus only half the 
portion of Tracer 7 that decayed (100.0 – 69.2 = 30.8 kg). 

This simple test case suggests that iTOUGH2-EOS1nT is capable of (a) handling multiple tracers, 
(b) correctly capture retardation effects due to adsorption and desorption processes, (c) tracer 
degradation, (d) conversion of a decaying parent tracer to a daughter tracer without loss of mass or 
with appropriate mass scaling due to different molecular weights, and (e) calculating temperature-
dependent decay-rate constants. 
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(a) (b) 
Figure 4.  Breakthrough curves; (a) tracer production rates, and (b) cumulative tracer mass 

produced. 

5.2 Multiple Tracers in Five-Spot Geothermal Production/Injection System 
The problem presented here is a modified version of the geothermal five-spot problem described in 
Pruess et al. [2012]. The five-spot well pattern shown in Figure 5 has a high degree of symmetry so 
only one-eighth of the pattern including one injector and one producer is modeled. The reservoir 
parameters are summarized in Table 3; the TOUGH2 input file is shown in it entirety in Figure 6. A 
continuum approach is used to model the reservoir as a fractured medium with embedded 
impermeable matrix blocks, which are subdivided into four interacting continua using MINC-
partitioning of the primary mesh  (see block MESHM). 

Water plus two tracers with varying properties (see Table 3 and block TRACE) are concurrently 
injected into the central injection well a total rate that is equal to the production rate of 30 kg/s (see 
Table 3 and block GENER). 

 
 

Figure 5. Five-spot injection/production problem showing the element in the middle between the 
injector and the producer in gray. 
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Table 3. Reservoir model parameters.  

Formation 
Rock grain density   2650 kg/m3 
Specific heat  1000 J/kg˚C 
Heat conductivity  2.1 W/m˚C 
Fracture porosity  1% 
Fracture network permeability  6 × 10-15 m2 
Relative permeability: Corey curves   
      residual liquid saturation  30 % 
      irreducible gas saturation  5 % 

Initial Conditions 
Temperature  300 ˚C 
Pressure  8.593 MPa 
Liquid saturation  99 % 

Production/Injection 
Five-spot pattern area  1 km2 
Reservoir thickness   305 m 
Production rate* 
Injection water* 
Injection tracer 1 (soluble, sorbing tracer)* 
Injection tracer 2 (volatile, degrading tracer)* 

 30 kg/s 
29.9912 kg/s 
0.008 kg/s 
0.0008 kg/s 

Injection enthalpy  500 kJ/kg 
Tracer Properties Tracer 1 Tracer 2 

Phase partitioning coefficient 1010 Pa-1 10-10 Pa-1 
Distribution coefficient 10-4 m3/kg 0.0 
Decay constant 0.0 10-8 s-1 
* Full well basis   
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samTR2: Five spot injection/production with water-based and volatile tracers 
ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
POMED          2650.       .01    6.E-15    6.E-15    6.E-15       2.1     1000. 
FRACT          2650.       .50    6.E-15    6.E-15    6.E-15       2.1     1000. 
MATRX          2650.    1.E-10    0.E-15    0.E-15    0.E-15       2.1     1000. 
 
MULTI----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    3    4    2    6 
TRACE----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
   1.0E+10   1.0E-04                     
   1.0E-10             1.0E-08 
TIMES----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    2 
       0.1      5.E8 
START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
PARAM----1----*-123456789012345678901234----*----5----*----6----*----7----*----8 
   1 300      1010000090000000 400002000 
          5.000000E8     1.E00 3.15576E7 
     1.E-7                                             1.E-8 
                300.                0.01                0.00              0.0000 
MOMOP----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
2                        4 
RPCAP----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
    3     .30       .05 
    1          0.0e6       0.0       1.0 
GENER----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 KA 1PRO 1                         MASS    -3.7500 
 AA 1INJ 1                         COM1     3.7489     5.0E5 
 AA 1INJ 2                         COM2     0.0010     5.0E5 
 AA 1INJ 3                         COM3     0.0001     5.0E5 
 
ELEME----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 AA 1          POMED0.1906E+060.1250E+04          0.        0.        0.1525E+03 
 BA 1          POMED0.7625E+060.5000E+04          0.7071E+020.        0.1525E+03 
 CA 1          POMED0.7625E+060.5000E+04          0.1414E+030.        0.1525E+03 
 DA 1          POMED0.7625E+060.5000E+04          0.2121E+030.        0.1525E+03 
 EA 1          POMED0.7625E+060.5000E+04          0.2828E+030.        0.1525E+03 
 FA 1          POMED0.7625E+060.5000E+04          0.3536E+030.        0.1525E+03 
 GA 1          POMED0.7625E+060.5000E+04          0.4243E+030.        0.1525E+03 
 HA 1          POMED0.7625E+060.5000E+04          0.4950E+030.        0.1525E+03 
 IA 1          POMED0.7625E+060.5000E+04          0.5657E+030.        0.1525E+03 
 JA 1          POMED0.7625E+060.5000E+04          0.6364E+030.        0.1525E+03 
 KA 1          POMED0.1906E+060.1250E+04          0.7071E+030.        0.1525E+03 
 BB 1          POMED0.7625E+060.5000E+04          0.7071E+020.7071E+020.1525E+03 
 CB 1          POMED0.1525E+070.1000E+05          0.1414E+030.7071E+020.1525E+03 
 DB 1          POMED0.1525E+070.1000E+05          0.2121E+030.7071E+020.1525E+03 
 EB 1          POMED0.1525E+070.1000E+05          0.2828E+030.7071E+020.1525E+03 
 FB 1          POMED0.1525E+070.1000E+05          0.3536E+030.7071E+020.1525E+03 
 GB 1          POMED0.1525E+070.1000E+05          0.4243E+030.7071E+020.1525E+03 
 HB 1          POMED0.1525E+070.1000E+05          0.4950E+030.7071E+020.1525E+03 
 IB 1          POMED0.1525E+070.1000E+05          0.5657E+030.7071E+020.1525E+03 
 JB 1          POMED0.7625E+060.5000E+04          0.6364E+030.7071E+020.1525E+03 
 CC 1          POMED0.7625E+060.5000E+04          0.1414E+030.1414E+030.1525E+03 
 DC 1          POMED0.1525E+070.1000E+05          0.2121E+030.1414E+030.1525E+03 
 EC 1          POMED0.1525E+070.1000E+05          0.2828E+030.1414E+030.1525E+03 
 FC 1          POMED0.1525E+070.1000E+05          0.3536E+030.1414E+030.1525E+03 
 GC 1          POMED0.1525E+070.1000E+05          0.4243E+030.1414E+030.1525E+03 
 HC 1          POMED0.1525E+070.1000E+05          0.4950E+030.1414E+030.1525E+03 
 IC 1          POMED0.7625E+060.5000E+04          0.5657E+030.1414E+030.1525E+03 
 DD 1          POMED0.7625E+060.5000E+04          0.2121E+030.2121E+030.1525E+03 
 ED 1          POMED0.1525E+070.1000E+05          0.2828E+030.2121E+030.1525E+03 
 FD 1          POMED0.1525E+070.1000E+05          0.3536E+030.2121E+030.1525E+03 
 GD 1          POMED0.1525E+070.1000E+05          0.4243E+030.2121E+030.1525E+03 
 HD 1          POMED0.7625E+060.5000E+04          0.4950E+030.2121E+030.1525E+03 
 EE 1          POMED0.7625E+060.5000E+04          0.2828E+030.2828E+030.1525E+03 
 FE 1          POMED0.1525E+070.1000E+05          0.3536E+030.2828E+030.1525E+03 
 GE 1          POMED0.7625E+060.5000E+04          0.4243E+030.2828E+030.1525E+03 
 FF 1          POMED0.3812E+060.2500E+04          0.3536E+030.3536E+030.1525E+03 
HTX00          POMED        0. 
 

Figure 6. TOUGH2 input file samTR2 for five-spot tracer transport problem.  
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CONNE----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 AA 1 BA 1                   10.3536E+020.3536E+020.1078E+05 
 BA 1 CA 1                   10.3536E+020.3536E+020.1078E+05 
 BA 1 BB 1                   20.3536E+020.3536E+020.2157E+05 
 CA 1 DA 1                   10.3536E+020.3536E+020.1078E+05 
 CA 1 CB 1                   20.3536E+020.3536E+020.2157E+05 
 DA 1 EA 1                   10.3536E+020.3536E+020.1078E+05 
 DA 1 DB 1                   20.3536E+020.3536E+020.2157E+05 
 EA 1 FA 1                   10.3536E+020.3536E+020.1078E+05 
 EA 1 EB 1                   20.3536E+020.3536E+020.2157E+05 
 FA 1 GA 1                   10.3536E+020.3536E+020.1078E+05 
 FA 1 FB 1                   20.3536E+020.3536E+020.2157E+05 
 GA 1 HA 1                   10.3536E+020.3536E+020.1078E+05 
 GA 1 GB 1                   20.3536E+020.3536E+020.2157E+05 
 HA 1 IA 1                   10.3536E+020.3536E+020.1078E+05 
 HA 1 HB 1                   20.3536E+020.3536E+020.2157E+05 
 IA 1 JA 1                   10.3536E+020.3536E+020.1078E+05 
 IA 1 IB 1                   20.3536E+020.3536E+020.2157E+05 
 JA 1 KA 1                   10.3536E+020.3536E+020.1078E+05 
 JA 1 JB 1                   20.3536E+020.3536E+020.2157E+05 
 BB 1 CB 1                   10.3536E+020.3536E+020.2157E+05 
 CB 1 DB 1                   10.3536E+020.3536E+020.2157E+05 
 CB 1 CC 1                   20.3536E+020.3536E+020.2157E+05 
 DB 1 EB 1                   10.3536E+020.3536E+020.2157E+05 
 DB 1 DC 1                   20.3536E+020.3536E+020.2157E+05 
 EB 1 FB 1                   10.3536E+020.3536E+020.2157E+05 
 EB 1 EC 1                   20.3536E+020.3536E+020.2157E+05 
 FB 1 GB 1                   10.3536E+020.3536E+020.2157E+05 
 FB 1 FC 1                   20.3536E+020.3536E+020.2157E+05 
 GB 1 HB 1                   10.3536E+020.3536E+020.2157E+05 
 GB 1 GC 1                   20.3536E+020.3536E+020.2157E+05 
 HB 1 IB 1                   10.3536E+020.3536E+020.2157E+05 
 HB 1 HC 1                   20.3536E+020.3536E+020.2157E+05 
 IB 1 JB 1                   10.3536E+020.3536E+020.2157E+05 
 IB 1 IC 1                   20.3536E+020.3536E+020.2157E+05 
 CC 1 DC 1                   10.3536E+020.3536E+020.2157E+05 
 DC 1 EC 1                   10.3536E+020.3536E+020.2157E+05 
 DC 1 DD 1                   20.3536E+020.3536E+020.2157E+05 
 EC 1 FC 1                   10.3536E+020.3536E+020.2157E+05 
 EC 1 ED 1                   20.3536E+020.3536E+020.2157E+05 
 FC 1 GC 1                   10.3536E+020.3536E+020.2157E+05 
 FC 1 FD 1                   20.3536E+020.3536E+020.2157E+05 
 GC 1 HC 1                   10.3536E+020.3536E+020.2157E+05 
 GC 1 GD 1                   20.3536E+020.3536E+020.2157E+05 
 HC 1 IC 1                   10.3536E+020.3536E+020.2157E+05 
 HC 1 HD 1                   20.3536E+020.3536E+020.2157E+05 
 DD 1 ED 1                   10.3536E+020.3536E+020.2157E+05 
 ED 1 FD 1                   10.3536E+020.3536E+020.2157E+05 
 ED 1 EE 1                   20.3536E+020.3536E+020.2157E+05 
 FD 1 GD 1                   10.3536E+020.3536E+020.2157E+05 
 FD 1 FE 1                   20.3536E+020.3536E+020.2157E+05 
 GD 1 HD 1                   10.3536E+020.3536E+020.2157E+05 
 GD 1 GE 1                   20.3536E+020.3536E+020.2157E+05 
 EE 1 FE 1                   10.3536E+020.3536E+020.2157E+05 
 FE 1 GE 1                   10.3536E+020.3536E+020.2157E+05 
 FE 1 FF 1                   20.3536E+020.3536E+020.2157E+05 
 
MESHMAKER1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
MINC 
PART THRED     DFLT 
  5  4OUT        50.       50.       50. 
       .02       .08       .20       .35 
 
ENDCY----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 
 

Figure 6. TOUGH2 input file samTR2 for five-spot tracer transport problem. (cont.)  
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This test case is run in two parts, controlled by two iTOUGH2 input files. In Part 1 (file samTR2p1i, 
Figure 7), a single forward simulation is performed to generate synthetic observation data at 100 
equally spaced points in time between 0.05 and 5.0 years. A random measurement noise is added to 
the synthetic data (see Table 4). In Part 2 (file samTR2p2i, Figure 8), the data are used in an 
inversion to estimate reservoir and trace properties. The parameters are summarized in Table 5. 

The results demonstrate that iTOUGH2 is able to use cumulative breakthrough data from multiple 
tracers along with conventional production data to jointly estimate reservoir properties as well as 
tracer properties (i.e., phase partitioning coefficients, adsorption coefficients, and decay constants). 
Thermally decaying tracers can be simulated (and decay products could be tracked, see Sections 4.3 
and 5.1). iTOUGH2’s data-worth analysis [Finsterle, 2015] indicates that tracer data contain 
substantial information about the geothermal reservoir. Additional inverse modeling results, 
including sensitivity measures, estimation uncertainties and correlation structure, can be obtained 
from the iTOUGH2 output file samTR2p2i.out. 

 
 

Table 4. Synthetic observations. 

Observation Measurement Noise 

Cumulative tracer production 
 Tracer 1 
 Tracer 2 
Injection pressure 
Production temperature 
Production enthalpy 

 
10 % + 10 kg 
10 % + 1 kg 

2 bar 
2 °C 

20 kJ/kg 

  

Table 5. Parameters estimated through inversion of synthetic data.  

Parameter True 
Value 

Initial 
Guess 

Best 
Estimate 

Estimation 
Uncertainty 

Log-permeability [log m2] -14.22 -13.00 -14.19 0.002 
Fracture porosity [%] 1.0 0.6 1.00 0.01 
Reservoir temperature [°C] 300.0 250.0 299.76 0.10 
Phase partitioning coefficient Tracer 2 [log Pa-1] -10.0 -11.0 -9.97 0.16 
Kd-value Tracer 1 [log m3/kg] -4.0 -5.0 -3.98 0.02 
Decay constant Tracer 2 [log s-1] -8.0 -9.0 -8.00 0.02 
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 > OBSERVATIONS 
 
   >> TIMES: 100 EQUALLY SPACED [YEARS] 
      0.05 5.0 
 
   >> CUMULATIVE 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : CUM TRACER 1 
          >>>> COMPONENT  : 2 
          >>>> PHASE      : 2 
          >>>> FACTOR     : -1.0 
          <<<< 
 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : CUM TRACER 2 
          >>>> COMPONENT  : 3 
          >>>> PHASE      : 1 
          >>>> FACTOR     : -1.0 
          <<<< 
     <<< 
 
   >> PRESSURE 
      >>> GRID BLOCK      : _AA_1 
          >>>> ANNOTATION : P. INJECTION 
          >>>> PICK: 2 
          >>>> FACTOR     : 1.E5  [bar] - [Pa] 
          <<<< 
      <<< 
 
   >> TEMPERATURE 
      >>> GRID BLOCK      : _KA_1 
          >>>> ANNOTATION : T. PRODUCTION 
          <<<< 
      <<< 
  
   >> ENTHALPY 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : ENTHALPY 
          >>>> FACTOR     : 1000.0 
          <<<< 
      <<< 
   << 
 
 > COMPUTATION 
 
   >> OUTPUT 
      >>> YEARS 
      >>> print COPYRIGHT statement 
      >>> FORMAT: COLUMN 
      <<< 
 
   >> OPTION 
      >>> solve FORWARD problem 
      <<< 
   << 
 < 
 

Figure 7. iTOUGH2 input file samTR2p1i for generating synthetic data.  
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 > PARAMETER 
 
   >> ABSOLUTE PERMEABILITY 
      >>> MATERIAL        : FRACT 
          >>>> ANNOTATION : PERMEABILITY 
          >>>> LOGARITHM 
          >>>> VARIATION  :   0.25 
          >>>> GUESS      : -13.0 
          >>>> STEP       :   1.0 
          <<<< 
       <<< 
 
   >> POROSITY 
      >>> MATERIAL        : FRACT 
          >>>> VALUE 
          >>>> RANGE      : 0.05  .90 
          >>>> VARIATION  : 0.2 
          >>>> GUESS      : 0.3 
          <<<< 
      <<< 
 
   >> INITIAL CONDITIONS for primary variable No.: 1 
      >>> DEFAULT 
          >>>> ANNOTATION : RESERVOIR TEMP. 
          >>>> VALUE 
          >>>> VARIATION  :  2.0 
          >>>> GUESS      : 250.0 
          >>>> STEP       :  40.0 
          >>>> PERTURB    :   0.002 
          <<<< 
      <<< 
 
   >> Phase PARTITIONING coefficient 
      >>> TRACER: 2 
          >>>> LOGARITHM 
          >>>> RANGE      : -11     -6 
          >>>> GUESS      :     -11 
          >>>> STEP       : 0.5 
          <<<< 
      <<< 
 
   >> KD VALUE 
      >>> TRACER: 1 
          >>>> LOGARITHM 
          >>>> RANGE      :  -6     -3 
          >>>> GUESS      :     -5 
          <<<< 
      <<< 
 
   >> DECAY constant 
      >>> TRACER: 2 
          >>>> LOGARITHM 
          >>>> RANGE      : -10     -7 
          >>>> GUESS      :     -9 
          >>>> STEP       : 0.5 
          <<<< 
      <<< 
   << 
 

Figure 8. iTOUGH2 input file samTR2p2i for inverting synthetic data.  



 

   
iTOUGH2-EOS1NT USER’S GUIDE PAGE 29 OF 34 

  
 > OBSERVATION 
 
   >> CUMULATIVE 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : CUM TRACER 1 
          >>>> COMPONENT  : 2 
          >>>> PHASE      : 2 
          >>>> FACTOR     : -1.0 
          >>>> HEADER     : 2 
          >>>> COLUMNS    : 1 2 
          >>>> DATA FILE  : samTR2p1i.col YEARS 
          >>>> RELATIVE   : 0.1 + 10.0  ADD NOISE 
          <<<< 
 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : CUM TRACER 2 
          >>>> COMPONENT  : 3 
          >>>> PHASE      : 1 
          >>>> FACTOR     : -1.0 
          >>>> HEADER     : 2 
          >>>> COLUMNS    : 1 3 
          >>>> DATA FILE  : samTR2p1i.col YEARS 
          >>>> RELATIVE   : 0.1 + 1.0  ADD NOISE 
          <<<< 
     <<< 
  
   >> PRESSURE 
      >>> GRID BLOCK      : _AA_1 
          >>>> ANNOTATION : P. INJECTION 
          >>>> PICK: 2 
          >>>> FACTOR     : 1.E5  [bar] - [Pa] 
          >>>> HEADER     : 2 
          >>>> COLUMNS    : 1 4 
          >>>> DATA FILE  : samTR2p1i.col YEARS 
          >>>> DEVIATION  : 2.0   [bar] ADD NOISE 
          <<<< 
      <<< 
 
   >> TEMPERATURE 
      >>> GRID BLOCK      : _KA_1 
          >>>> ANNOTATION : T. PRODUCTION 
          >>>> HEADER     : 2 
          >>>> COLUMNS    : 1 5 
          >>>> DATA FILE  : samTR2p1i.col YEARS 
          >>>> DEVIATION  : 2.0  [deg-C] ADD NOISE 
          <<<< 
      <<< 
 
   >> ENTHALPY 
      >>> SINK            : PRO_1 
          >>>> ANNOTATION : ENTHALPY 
          >>>> FACTOR     : 1000.0  [kJ/kg] – [J/kg] 
          >>>> HEADER     : 2 
          >>>> COLUMNS    : 1 6 
          >>>> DATA FILE  : samTR2p1i.col YEARS 
          >>>> DEVIATION  : 20.0 [kJ/kg] ADD NOISE 
          <<<< 
      <<< 
 

Figure 8. iTOUGH2 input file samTR2p2i for inverting synthetic data. (cont.) 
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 > COMPUTATION 
 
   >> OUTPUT 
      >>> YEARS 
      >>> print COPYRIGHT statement 
      >>> FORMAT: COLUMN 
      <<< 
 
   >> STOPPING criteria 
      >>> maximum number of ITERATIONS     :  10 
      >>> maximum current scaled STEP size :  1.0 
      >>> initial LEVENBERG parameter      :  0.01 
      <<< 
 
   >> JACOBIAN 
      >>> FORWARD: 8 
      <<< 
   << 
 < 
 

Figure 8. iTOUGH2 input file samTR2p2i for inverting synthetic data. (cont.) 
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(a) (b) 

  
(c) (d) 
Figure 9. Comparison between synthetic data (symbols) and corresponding simulations with 

initial (dashed lines) and best-estimate (solid lines) parameter sets for (a) cumulative 
tracer mass produced, (b) injection pressure, (c) production temperature, and (d) 
production enthalpy.   
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6. CONCLUDING REMARKS 
The basic TOUGH2 equation-of-state (EOS) module for pure water in its liquid, vapor, and two-
phase states with the option of solving a second, labeled water component has been expanded to (a) 
include an arbitrary number of additional labeled water components, (b) make these tracers 
preferentially partition into the vapor or liquid phase, (c) account for retardation of the tracers 
through instantaneous, linear adsorption and desorption, and (d) allow for degradation or decay of 
these tracers using a power-law function. The thermophysical properties of the tracers are identical 
to those of pure water, a limitation that needs to be considered when mimicking actual tracer 
components.  

The new EOS module is implemented within the iTOUGH2 simulation-optimization framework. It 
is backwards compatible with TOUGH2-EOS1. Tracer properties (phase partitioning coefficient, 
adsorption coefficient, and decay constant) can be estimated or analyzed by iTOUGH2. 

The performance of the new module has been tested using simple sample problems. Its applicability 
for the analysis of multi-tracer experiments in large reservoir models still needs to be demonstrated.  
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9. REVISION HISTORY 
January 17, 2017 Initial issue 

September 30, 2018 Changed initial tracer mass fraction for improved convergence after phase 
changes and dissolved tracer migration 

 Added automatic engagement of make-up wells  
 Improved reporting of material- or region-defined sinks/sources 
 Minor bug fixes 
 Revised reference set of sample output files SampleEOS1NT  

September 10, 2019 Added brine as one of the potential components, with associated density 
and viscosity effects. 

 


