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ABSTRACT 

Our lab is investigating and testing tracers that have 
appropriate thermal stability and reactivity that can 
help geothermal energy producers to assess the 
surface area available between injection and 
production wells. Adsorption of solutes onto mineral 
surfaces is a function (in part) of how much surface 
area/fluid interaction occurs in a system and the rock 
temperature. Sequential tracer breakthrough curves 
may provide a tool to indicate changes in available 
surface area and rock temperature profiles. Research 
results are presented that show how the use of tracers 
that interact (i.e. sorb) with the surface of the 
geomedia can help to refine the estimation of the 
available effective heat transfer area. A series of high 
temperature miscible displacement experiments with 
the fluorescent dye, safranin T, through media with 
different size fractions of Ottawa sand demonstrates 
the relationship between the retardation of a reactive 
tracer relative to a conservative tracer and the amount 
of surface area that the fluid encounters. Temperature 
effects on the retardation through the media are 
presented. 

INTRODUCTION 

Increasing energy production from fossil fuel 
alternatives will help offset environmental problems 
caused by traditional electricity generation. New 
sources of geothermal electricity production through 
reservoir engineering can provide a significant 
contribution of clean, reliable, and affordable energy 
(M.I.T., 2006). Reservoir creation by creating 
fractures in hot aquitards, thereby enhancing 
connectivity between injection and production wells, 
can be a key component of tapping into this potential 
electricity generation. 
 
The working fluid in a geothermal system is heated 
by the surface of the host rock so reservoir 
engineering is successful if it increases the surface 
area exposed to the working fluid without creating 
short circuits of the flow path between the injection 

and production wells that could decrease the potential 
heat extraction. Hydraulic fracturing typically 
requires a contingent of equipment and personnel that 
are expensive to deploy and operate under tight 
scheduling. An affordable tool that can rapidly 
provide an assessment of the fracturing operation 
effectiveness would help by providing information to 
assist operators and managers with making decisions 
about early withdrawal or additional fracturing while 
equipment and personnel are deployed.  
 
Conservative tracers are commonly injected into 
groundwater to help elucidate flow paths and average 
fluid residence times. Reactive tracers have been 
used to estimate residual contaminants by 
partitioning from the bulk solution into remaining 
pools of the organic phases (McKay and Wilson, 
1995). A conservative tracer moves with the 
groundwater without interacting with the matrix 
surfaces, whereas a reactive tracer physically or 
chemically interacts with the exposed surface‟s 
minerals. This adsorption will result in the delay or 
retardation of the reactive tracer relative to the bulk 
water velocity as measured by the conservative 
tracer‟s velocity. We are investigating techniques to 
use chemicals that when injected with the fluid will 
interrogate the available surface area available within 
the working reservoir. The retardation of the reactive 
tracer relative to a conservative tracer from their 
breakthrough curves from either the same or other 
wells indicates the extent of available surface area 
available for heat transfer (Pruess, ). Our research 
with flowing column studies has demonstrated that 
safranin T reversibly sorbs at high temperatures and 
that it‟s retardation relative to the conservative tracer 
1,5 naphthalene sulfonate is positively correlated 
with amount of surface area that it interrogates. 

MATERIALS AND METHODS 

Interwell Geothermal Reservoir Simulator 

Flowing column adsorption tests of potential reactive 
chemicals under geothermal conditions was selected 
as the screening method, as opposed to performing 
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and sampling batch tests. Besides the difficulty of 
performing and analyzing batch tests under 
geothermal conditions, adsorption characteristics of 
reactive compounds determined by flowing column 
studies are often better at predicting field responses 
(Wolt, 1998).  
 
The physically simulated reservoir we constructed 
consists of a stainless steel column (High Pressure 
Inc. Erie, Pennsylvania) with internal dimensions of 
51 cm length and an internal diameter of 2.54 cm. 
The vertically oriented column is heated with 1 meter 
of resistance wire tape. This heater is controlled by a 
thermocouple embedded ~1 cm within the media at 
the column outlet. The media temperature at the 
column inlet is monitored with a thermocouple 
similarly inserted within the geomedia through a tee 
connecting the column to the tubing. In order to 
create isothermal conditions throughout the column 
the fluid entering the bottom of the column first 
passes through a coiled-tubing preheater wrapped 
with a separately controlled strand of heat tape. Both 
heaters are also connected to limiters that switch off 
the power to the heat tape if the fluid flow to the 
thermocouples is interrupted by a pump malfunction 
or fluid leak. The heated column and preheater are 
covered with 5 cm of insulation for safety and to 
isolate the column for heat flow measurements post-
retardation experiments. 
 
We have been using a Beckman 114M capable of 
delivering 1 – 5 mL min

-1
 of fluid with minimum 

pulsation. The experiments reported in this paper 
were performed at 2 ±0.15mL min

-1
 measured by 

weighing collected fractions eluted. The column 
effluent passes through a water-bathed cooling coil 
prior to reaching the back pressure regulator. 
Pressures for all of the experiments discussed in this 
paper were maintained at 75.8 ±7 bar. Experience 
with detector flow cell clogging required the addition 
of a 0.45 micron stainless steel filter after the back 
pressure regulator. With both the heating and cooling 
coils, there tends to be a significant dead volume. The 
dead volume was measured using the same technique 
as measurement of the volume of pore discussed in 
the next section by replacing of the column with 
tubing of known volume and subtracting this volume.  
The dead volume varied as preheater coils developed 
leaks and required replacement, but averaged over 43 
ml. The tubing was all stainless steel of varying 
internal diameters. 
 
 

 
Figure 1: Interwell flow geothermal reservoir 

physical simulator for tracer testing (200 
°C, 100 bar). 

Three test bed materials were tested in the 
experiments presented in this paper. Glass beads 
(Biospec Products, Inc. Bartlesville, Oklahoma) were 
used initially, but we switched to using sieved size 
fractions of Ottawa sand as the analogue reservoir 
geomedia. Ottawa sand (Unimin Corp. Ottawa, 
Illinois) was selected because it is available as a 
consistently uniform size distribution of spherical 
particles with low reactivity (Baucher and Lee, 1972) 
that would provide for more rapid screening tests and 
that the low cation exchange capacity would result 
any high temperature adsorption to be physi-sorbtion 
and less subject to solution chemistry affects.  
Finally, we examined safranin T transport through an 
additional media ground from rhyolitic tuff (Ward‟s 
Natural Science. Rochester, New York) in order to 
test retardation on a material with a tremendous 
amount of available surface area, internal porosity, 
and with minerals significantly different than 
provided by the almost pure quartz of the Ottawa 
sands. 
 
In order to avoid excessive wall effects on the fluid 
flow the ratio of the column width to the diameter of 
the particle sizes used in column studies should be as 
large as possible. With the columns and media 
particle sizes used for the majority of the experiments 
discussed in this paper we had an average ratio of 6.4 
(Table 1). To create different experimental treatments 
with identical surface mineralogy, but exposing the 
eluent to different amounts of surface area the sands 
were sieved into different size fractions. The test 
media was tightly packed into the column by 
applying side percussions with a mallet to promote 
settling.  Surface areas were calculated for the sand 



fractions and glass beads as the total available surface 
area of the mass loaded into the columns of spheres 
with the radius of the geometric mean of the 
particular size fractions. 
 
Table 1Column media 

Geomedia 
Analogue 

Mass 
(kg) 

Geometric 
Mean 

Diameter 
(mm) 

Surfa
ce 

Area 
(m2) 

US 
Mesh 
Size 

Glass Beads 0.402 0.50 7.7 Na 

Coarse Sand 0.445 0.55 7.4 35/30 

Medium Sand (1) 0.419 0.46 8.2 40/35 

Medium Sand (2) 0.427 0.46 8.4 80/49 

Fine Sand (1) 0.427 0.28 14.0 70/45 

Fine Sand (2) 0.429 0.38 10.1 45/40 

Fine Sand (3) 0.430 0.27 14.3 40/35 

Rhyolitic Tuff 0.229 0.3 >>14 80/35 

Tracers and analysis 

 
Naphthalene sulfonates have been successfully used 
as geothermal fluid flow tracers in a number of fields 
(Rose et al, 2001). The family of compounds 
provides a variety of compounds that satisfy the need 
for good detectability, thermal stability, and 
conservative behavior in typical geomedia. We 
selected 1,5 naphthalene disulfonate (Figure 2) based 
on it having an absorption spectrum that does not 
significantly interfere with the monitoring of the 
initial candidate reactive tracers. The first proof of 
concept experiments were conducted with the 
common The Food, Drug, and Cosmetic dyes #1 and 
yellow #5 (Figure 2). These compounds are highly 
soluble and nontoxic, plus they provide a nice 
distinct, visual elution profile that is useful for 
visually demonstrating retardation (Buttars and 
Bandaraanayake, 1993). The anionic yellow dye 
behaves conservatively like the 1,5-naphthalene 
disulfonate (1,5NDS) while the cationic blue dye is 
retarded by the matrix surfaces resulting in the eluent 
turning from green to yellow then blue, perhaps 
exhibiting green again depending on the extent of the 
blue dye retardation (figure 3). 
 

 
Figure 2: Conservative (anionic) yellow #5, also 

called tartrazine and blue #1, also called 
erioglaucine with a cationic functional 
group. 

 
Figure 3: Example of blue dye retardation 

experiment selected fractions. 
 
Safranin O is the classic counterstain in the Gram 
stain technique for differentiating microbes. It‟s 
structure suggested that it might exhibit significant 
and preliminary testing indicated that it would be a 
good candidate reactive tracer. During initial testing 
it was discovered that a more economical member of 
the family would be the textile dye safranin T that 
has a third methyl group that could provide additional 
thermal stability through steric hindrance. There is 
also phenosafranin that does not have any methyl 
groups (Figure 4). 
 

 
Figure 4: Three members of the safranin family 
 
We measure the thermal stability of the candidate 
tracers using the methods developed by Adams et al 
(1992) of sealing anaerobic solutions with the target 
compounds in fused quartz ampules and heating in 
autoclaves. The tartrazine and erioglaucine were 
autoclaved in solutions of 20 mg kg

-1 
of Na2HPO4. 

The safranin compounds were autoclaved in the same 
solutions as were used for the column flow 
experiments.  This solution was made with 200 mg 
kg

-1 
NaCl, 175 mg kg

-1 
CaCl2, and  ~10 mg kg

-1
 

SiC8H20O4. The tracer concentrations added to this 
base solution were 10 ppm tartrazine, 5 mg kg

-1
 

erioglaucine, 1.4 mg kg
-1

 safranin T & O, and 100 mg 
kg

-1
 1,5-naphthalene sulfonate as sodium salts. 

 
Fractions of the column effluent can be collected and 
analyzed via liquid chromatography using absorbance 
or fluorescence detectors. This was done for some 
experiments during this project, but analysis of 
fractions adds more steps, time, and error before the 



test results can be analyzed. All of the breakthrough 
curve (BTC) data reported in this paper were 
measured using inline detection of the tracers can 
provide the instant indication of pore volumes and 
relative retardation that would be most useful for 
providing an onsite tool for EGS activities. For this 
we used a fluorescence flow cell (Flow Injection 
Analysis Inc. Bellevue, Washington) fiber optically 
connected to a spectrometer (Ocean Optics Inc. 
Dunedin, Florida) and to either a red (507 nm) or a 
broad spectrum white LED. The fluorescence flow 
cell proved adequate for measuring absorbance, also. 
The white light was used for absorbance measuring 
of the erioglaucine and tartrazine at 626 and 438 nm. 
The safranin family of molecules was monitored 
using the red light for excitation and monitoring the 
emission at 577 nm. The 1,5NDS was measured 
another inline detector via absorbance at 310 nm with 
either a Waters 481 or 2487 detector. The pH of the 
effluent in the fractions collected for mass flow rate 
measurements were measured using an Orion 230A 
pH meter and conductivity with a Myron Ultrameter 
II. 
 
Retardation of the reactive tracers is measured by 
comparing the average residence times or volumes of 
each of the tracers. The relative retardation factor (Rf) 
of a compound during dispersive flow can be 
estimated by the ratio between the average residence 
time of the reactive and conservative tracers. The 1

st
 

moment from the method of moments (MOM) was 
used for estimating the mean retention volume, which 
represents the pore volume of the porous media. 
Moment analysis is a robust and nonparametric 
technique that is independent of model assumptions, 
but can connect the probability density function of 
the tracer concentrations over time and space to the 
traditional mechanistic transport models (Sposito and 
Jury, 1988; Leij and Dane, 1991). Conversion of the 
tracer data to relative concentrations is required to 
obtain a probability density function. With inline 
detection it was decided that the most appropriate 
method to accomplish this was to perform step inputs 
so that the „tread‟ as measured by the detectors could 
provide the most appropriate value for the maximum 
concentration. Moments are then calculated based on 
the inverse of the BTC (Yu, 1999): 

1

0
NMRT tdC   (1) 

where MRT stands for the mean residence time, t 
equals the time and CN represents the normalized (or 
relative) concentration (C/Cmax). The same 
relationship can provide the pore volume by 
substituting flow for time. 
 
While MOM analysis is useful and robust, it is 
subject to significant error propagation due to bias 
towards the tailing end of the BTC and requires high 
frequency sampling in order accurately determine 

inflection points (Das et al, 2005). While with inline 
detection we were able to obtain high frequency data, 
with higher frequency data collection, though, more 
noise is generated in the data which can lead to 
unrealistic estimates of transport parameters. Using 
instruments like an HPLC to analyze fractions can 
refine the concentration measurement estimates, but 
the fractions have to be large enough to allow for 
filtering. In the relatively small pore volumes studied 
in laboratory experiments this can lead to 
misplacement of inflection points when correcting for 
effluent mixing over the time required for collection. 
During analysis of these experimental results it was 
determined it is apparently more accurate to estimate 
the relative retardation by comparing the time or flow 
until the median normalized concentration for each 
tracer eluted (Figure 5). 
 

 
Figure 5: Loading and unloading BTC’s from step 

inputs onto the coarse sand at 125 °C 
showing how the flow median 
concentration (FUMC) estimation 
approach. 

 
This technique simply involves solving the equation 
for a line, y = mx + b, for x when y = 0.5. So in other 
words, this approach determines how much 
cumulative flow occurred until the median 
concentration (FUMC). 
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The range between 1/3 – 2/3 CN worked well with the 
data we collected, but could be adjusted to cover 
whichever range provides sufficient linearity for any 
BTC analyzed. It is expected, but untested, that this 
technique could also work with pulse injections if 
another concentration besides the median (0.5) 
appropriate to particular tracer return was used, but 
maybe not for all types of media. A comparison of 
the estimated Rf‟s from both the loading and 
unloading BTC‟s with both the1

st
 moments and 

FUMC indicated that both techniques provided 
similar predicted values (Figure 6), although the 
standard error for MOM is 50% greater than what 
was seen with the FUMC method. As stated earlier, 
though, the column PV‟s reported in this paper were 
estimated by 1

st
 moments of the conservative tracer 

BTC‟s until we‟ve had more opportunity to further 



investigate the relationship between transport 
parameters and the median.  
 

 
Figure 6: Graph of calculated retardation factors by 

both MOM and FUMC demonstrating 
why we have confidence using this 
simpler, but nontraditional, method to 
estimate retardation factors based upon 
when the median concentration elutes. 

 

RESULTS 

 
The food colorings were not sufficiently thermally 
stable to justify continuing to pursue their use as 
geothermal tracers. The tartrazine dye‟s 
concentration decreased by 57% day

-1
 at 150 °C. 

erioglaucine has greater thermal stability under the 
same conditions of 11% loss per day. The results 
from thermal stability tests showed that the additional 
methyl groups do appear to sterically provide 
additional thermal stability. The 21% day

-1
 of the 

phenosafranin was lost from solution at 140 °C, while 
the safranin O concentration decreased at the rate of 
14% day

-1
 at 150 °C. Safranin T, apparently from 

only the additional methyl on the phenyl group, 
demonstrated thermal stability when autoclaved in 
the solutions constructed from the experimental flow 
solutions degraded only 6% day

-1
 at 220 °C. 

 
Even with the relatively low surface area contrasts 
that we were able to provide with the different size 
fractions of Ottawa sand, we did find that safranin T 
was retarded more relative to the conservative tracer 
when it flowed through a media with more surface 
area, but identical mineralogy (Figure 7). As also be 
noticed in this relationship is that the retardation of 
the safranin T is also affected by the temperature of 
the geomedia. Figure 8 shows this relationship over a 
wider temperature range along with the measured 
empirical relationship.  
 
 

 
Figure 7: Effect of greater surface area increasing 

the average of the loading and unloading 
retardation factors as measured on fine 
sand fractions 1 & 2 and medium 2. 

 

 
Figure 8: Effect of higher temperature decreasing the 

retardation of safranin T on the medium 1 
size fraction of Ottawa sand. 

 
Finally, we eluted the safranin T solution through the 
rhyolitic tuff (Figure 9). The retardation of safranin T 
that was observed during this experiment was much 
greater than could be explained by just the greater 
amount of surface area signifying that there is a 
significant impact of mineralogy on its retardation. 
Concurrently, two field site injections were 
performed, providing samples from geothermal 
reservoirs. A comparison of the HPLC 
chromatograms confirms that the safranin T was 
degrading at lower temperatures in the reservoir than 
in autoclaved ampules. We then ran another column 
flow test at 160 C and found that the effluent had 
almost 40% less safranin T than was in the original 
tracer solution even though numerous autoclave runs 
of the tracer solution indicated that with an mean (or 
median) residence time of only an hour there should 
not have been any measureable degradation.  
 



 
Figure 9: Safranin T tracer test through rhyolitic tuff 

geomedia resulted significant retardation 
and thermal decay at temperatures lower 
than when autoclaved within ampules. 

 

 
Figure 10:Chromatogram showing that there are 

some similarly eluting peaks in waters 
from geothermal reservoirs, tuff 
experiment effluent, and from an 
autoclaved solution of safranin T 
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