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Hot Spring Mapping
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Abstract— We report the design, fabrication, and application
of temperature and electrical conductivity sensor arrays for
studying the harsh environments of hot springs at Yellowstone
National Park. Centimeter-scale measurements are necessary to
measure sharp gradients in geochemical parameters across the
photosynthetic/nonphotosynthetic transition zone known as the
photosynthetic fringe. Platinum, parylene-C, and fused quartz
were the critical materials used in fabrication of both sensor
arrays. More than 700 temperature and 90 conductivity measure-
ments were taken in the mixing zone, where two geochemically
distinct hot spring channels converged. We present a new
technique, whereby microscale temperature measurements can
be used to predict ion concentrations that represent the bulk
ion chemistry via electrical conductivity (or other conservative
chemicals) in this mixing zone. High-spatial-resolution data con-
firm that the strong temperature gradients across these regions
largely determine where photosynthetic organisms appear.

Index Terms— MEMS, sensors, harsh environment, arrays,
temperature, electrical conductivity.

I. INTRODUCTION

HOT spring ecosystems are some of the harshest inhabited
environments on Earth. Hot springs occur when meteoric

water is circulated through high-temperature rock; typically,
hot rock surrounds magma chambers associated with volcanic
activity or occurs in tectonically active regions. The water
is delivered back to the surface at very high temperatures
(∼100 °C). Large amounts of emerging water can form source
pools. Water that rises above the rim of the source pool
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Fig. 1. Water from a hot spring source pool (upper right, dark blue) spills
over and flows down the outflow channel toward the viewer. Total width of
outflow channel is ∼1.5m. Note the sharp transition in the appearance of
photosynthesis where the color changes from off-white to bright green.

can spill out and form an outflow channel that carries water
away from the source. These outflow channels host a diverse
array of micro-organisms, from chemosynthetic microbes in
the hottest zones nearest the source to photosynthetic bacteria
and eukarya in lower temperature regions farther away from
the source [1]. The appearance of photosynthesis in the hot
springs can be sudden and dramatic (Fig. 1).

In-situ measurement of temperature across the transition
zones between chemosynthetic and photosynthetic microbial
communities, or between different photosynthetic microbial
communities in hot springs, can be ambiguous using current
robust bulk measurement techniques due to the small spatial
scale of the transitions. Outflow channels are often narrow and
shallow as they transport water away from the source pool,
creating additional constraints on the size of the instrument and
measurement technique used [2]. The transition zones where
photosynthetic bacteria appear can occur in less than a few
centimeters [3]. Therefore, high spatial resolution measure-
ments are necessary to understand the parameters driving this
transition.

Micro-Electro-Mechanical Systems (MEMS) technology is
well-suited for making field-based temperature and conduc-
tivity measurements such as in the ocean [4], however, they
have not previously been designed for use in hot springs.
Advances in materials and fabrication techniques have enabled
the development of chemically and thermally tolerant sensors
suitable for more harsh environments [5]. The small size
of the sensing elements provides the high spatial resolution
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Fig. 2. Layout showing two Ni RTDs (blue) in an array (not to scale). The
RTDs share a common 300 nm thick Cu ground lead (left pink lead). The
dashed line represents a break in the design to show the bond pad alignment
at the bottom of the array.

necessary to interrogate the sharp transition zones between
chemosynthetic and photosynthetic organisms. Owing to the
small size of each sensor and the ability to batch-fabricate
many sensors at once, arrays of temperature and electrical
conductivity sensors were fabricated. Electrical conductivity
provides a method for characterizing the bulk ion chemical
content within the hot spring fluids. The linear temperature
array consisted of 15 temperature sensors with separations of
1 cm. The linear conductivity array consisted of 5 conductivity
sensors with separations of 1 cm. Micro-temperature and
conductivity sensors have been developed previously for ocean
environments

II. SENSOR AND CIRCUIT DESIGN

A. Sensor Design

The resistance temperature detector (RTD) [6] array was
designed as a linearly arranged set of meandering resistors
of length 350 μm and width of 10 μm (Fig. 2). The array
was fabricated on a fused quartz substrate and the fabrication
flow process is shown in Figure 3. Linearly arranged RTDs
were patterned in photoresist, followed by electron-beam
(e-beam) deposition and lift-off of 10 nm titanium (Ti) and
110 nm nickel (Ni). Nickel was chosen for its high temper-
ature coefficient of resistance (TCR) (∼6400 ppm/°C). The
resistances of the Ni RTDs were 1100–1500 �. Next, leads
connecting the resistors to the bond pads were patterned
in photoresist, followed by e-beam deposition and lift-off
of 20 nm chromium (Cr) and 300 nm copper (Cu). The
Cu thickness was determined so that the leads contributed to
<1% of the total resistance of the Ti/Ni RTDs. A 20 μm
layer of Parylene-C was conformally deposited over top the
entire structure. The last fabrication step (not shown in Fig. 3)
involved patterning and removing the Parylene-C over the
Cr/Cu bond pads using an O2 plasma etch.

Electrical connections were made to the bond pads via
soldering 30 AWG wires. These wires were insulated with

Fig. 3. A schematic of the fabrication of the fused quartz substrate
temperature array in cross-section. A layer of Ti/Ni is deposited and patterned
on the Si wafer to create the resistor in (a) and (b). Next a layer of Cr/Cu
is deposited and patterned to create the bond pads and leads connecting pads
to the resistors in (c) and (d). Finally, Parylene-C is deposited over the entire
wafer in (e).

Fig. 4. Schematic of silicon substrate RTD array simulated with Comsol
Multiphysics® heat transfer package (not to scale).

PTFE for protection from the corrosive hot spring fluids.
An electrically insulating epoxy (H77, Epoxy Technologies)
was placed over the solder connections to increase strength.
The entire array was coated with a second layer of 20 μm
Parylene-C to provide additional protection.

Parylene-C was ideally suited for these applications due
to its inertness to a wide range of pH conditions, low water
leakage rate, and biocompatibility [7]. Initially, the RTD array
was fabricated on a silicon substrate with a thin film of
silicon dioxide (SiO2) for electrical insulation. However, data
collected from the field showed smaller measured tempera-
ture gradients than were expected. Therefore, the RTD array
was modeled using Comsol Multiphysics (Fig. 4) where the
thicknesses were: Si – 500 μm, SiO2 – 500 nm, Platinum (Pt)
–100 nm, Parylene-C – 20 μm. Platinum (instead of nickel)
was modeled as the RTD metal based on a previous design and
does not change the result. Four water reservoirs of different
temperatures were placed over four linearly arranged RTDs.
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Fig. 5. Comsol model results for the silicon substrate RTD array. Solid lines
show the temperature at the center of the metal resistors under heating from
reservoirs of water at 45 °C, 55 °C, 65 °C, and 75 °C, which are represented
by the dashed lines. The unit of time on the x-axis is seconds. The dashed lines
of the same color with the solid lines show which water reservoir temperature
is associated with each resistor.

Fig. 6. Comsol model results for the fused quartz substrate RTD array.
Solid lines show the temperature at the center of the metal resistors under
heating from reservoirs of water at 45 °C, 55 °C, 65 °C, and 75 °C, which
are represented by the dashed lines. The unit of time on the x-axis is seconds.
The dashed lines of the same color with the solid lines show which water
reservoir temperature is associated with each resistor.

The temperature of the RTD was simulated to steady-state.
The separation between adjacent RTDs was 5 mm.

Results from the model showed that the RTDs’ temperatures
were different from the water reservoirs they sat in. The
RTDs at the cold end were warmer than their respective
reservoirs, and the RTDs at the hot end were cooler than their
respective reservoirs, resulting in a smaller overall measured
temperature gradient (Fig. 5). To solve this problem, the
model was changed by replacing the Si substrate with fused
quartz to take advantage of its low thermal conductivity,
which is two orders of magnitude less than that of Si.
Additionally, the 500 nm layer of SiO2 was removed as it
was no longer necessary. Results showed that the modified
RTD temperatures matched the temperatures of the water
reservoirs they sat in (Fig. 6). Based on these results, the

Fig. 7. Layout of a single four-point-probe conductivity sensor. The outer
electrodes have a length of ∼1500 μm and width of ∼200 μm. The inner
electrodes have a length of ∼1000 μm and a width of ∼50 μm. Spacing
between the outer electrodes is ∼1000 μm and between the outer and
inner electrode is ∼50 μm. The blue square in the center is an unresolved
meandering RTD of ∼1000 �.

original design was changed to reflect the design shown in
Fig. 3.

The conductivity sensors were designed as four-point-
probes with electrode spacing optimized for the range of
conductivities expected to be encountered in the field. The
four-point-probe configuration utilized two outer electrodes
to pass a current and two inner electrodes to measure the
voltage drop across the solution (Fig. 7). By knowing the
current passed through the solution and the voltage drop
across it, the resistance of the solution can be determined via
Ohm’s Law. The conductance is the inverse of the resistance
and the conductivity can be determined from conductance
through knowing the cell constant of the four-point-probe or
conversely, by calibrating with standard conductivity solutions.
The cell constant was designed to be ∼5 cm−1 following
methods in [8]. The four-point-probe configuration was ideal
for minimizing measurement error resulting from resistance
contributions from the leads. Platinum was required to min-
imize corrosion as the electrodes were directly exposed to
the hot spring fluid. In addition, the platinum served to
decrease the measurement error associated with polarization
impedance [9].

The fabrication flow process for the conductivity sensor is
shown in Figure 8. Photoresist was deposited and patterned
to form the electrode, lead, and bond pad geometry and was
followed by e-beam deposition of 10 nm Ti and 110 nm Pt and
subsequent lift-off. The innermost (middle) platinum structure
shown in the figure is a meandering RTD used for measuring
temperature at the location of the conductivity measurement.
Next, a 10 μm layer of Parylene-C was conformally deposited
over top the entire structure. Photoresist is deposited and
patterned over the four electrodes and all of the bond pads.
The Parylene-C is then selectively etched with O2 plasma. The
central RTD is left covered by the Parylene-C and thus is not
exposed to the fluid. Electrical connection was made to the
bond pads via soldering 30 AWG PTFE insulated wires. The
same electrically insulating epoxy was placed over the solder
connections to increase strength. The entire system was coated
with a second layer of 20 μm Parylene-C to provide additional
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Fig. 8. Schematic of the fabrication process flow for the conductivity array
in cross-section. Ti/Pt is deposited and patterned in (a) and (b). A layer of
Parylene-C is deposited and selectively etched over the electrodes and bond
pads in (c) and (d).

Fig. 9. Nickel-resistor temperature sensor array with 12 sensors fabricated
on a fused quartz substrate and covered by Parylene-C. A magnified image
of one of the RTD resistors with a meandering geometry is also provided.

Fig. 10. Platinum electrode four-point probe electrical conductivity array
consisting of six sensors.

protection. Kapton® tape was used to prevent Parylene-C
deposition on the electrodes.

The electrodes were cleaned in an isopropyl alcohol solution
after the tape was removed. Figure 9 shows a picture of
a 12-RTD array along with magnified image of one of the
meandering resistor RTDs. Figure 10 shows a 6-electrical
conductivity sensor array. The RTD array was calibrated
using a temperature controlled bath with ±0.2 °C error.

Fig. 11. Calibration curves of three RTDs on the same array. The TCR of
the Ni RTDs was calculated to be ∼3260 ppm/°C.

Fig. 12. Calibration curves for five conductivity sensors on the same array.

An example calibration curve of three adjacent RTDs on
an array is provided in Figure 11. The TCR of these RTD
(∼3260 ppm/°C) is lower than the theoretical Ni TCR due
to the low Ni film thickness and deposition process con-
ditions [10]. With additional noise and environmental con-
straints, the total measurement error was conservatively set
to ±1 °C. The electrical conductivity array was calibrated
using standard conductivity solutions between 84 μS/cm
and 15000 μS/cm (standard solutions, Cole-Parmer) at room
temperature and the measured error was conservatively set
to ±10%. An example calibration curve is provided in
Figure 12. The cell constant was measured to be ∼3.5 cm−1.
This value is different from the expected value (∼5 cm−1) and
is most likely due to small variations in the design geometry
and electronic component values.

B. Circuit Design

For the temperature array, a circuit was designed and
constructed to monitor the variable resistance values of the
RTDs. Using Ohm’s law, the current through the RTD and
voltage drop across it must be known in order to determine
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its resistance. Measuring the voltage drop across the RTD was
carried out with a data acquisition device (USB-6289, National
Instruments). The current flow through the RTD was measured
indirectly, using another resistor in series with the RTD.

In this circuit, the source voltage (Vsource) of 2 V was gen-
erated by the data acquisition device. The voltage magnitude
was set so that the current through the RTD was high enough
to be easily measured above the noise floor, but low enough
so that it did not cause Joule heating. The relevant equations
for solving for the RTD resistance are determined via Ohm’s
Law:

V1

VSource
= Rconst

RRTD + Rconst
(1)

V2

VSource
= RRTD

RRTD + Rconst
(2)

and finally RRTD can be determined by dividing equation (2)
by equation (1) and solving:

RRT D = V2

V1
Rconst. (3)

The assumption that the constant resistance holds is critical
to the accuracy of the RTD resistance measurement. Store-
bought carbon-film resistors of a certain value typically have
a tolerance of 5% and can have TCRs of 150-500 ppm/°C.
Therefore a 10 000 � carbon film resistor may actually be
anywhere from 9500-10 500 � and may change 5 �/°C.
Because these resistors are directly in contact with the air
around the hot spring and indirectly in contact with the
ground near the hot spring, they can easily be warmed
10–15 °C above the temperature in the laboratory where they
were calibrated. A 10 °C increase in the constant resistor
temperature would result in a 50 � resistance increase that
could cause the RTD hot spring temperature measurement to
be undervalued by >1 °C (assuming a RTD value ∼1200 �).
This environmentally-induced error is far too high considering
the additional error sources and the design requirement to
have a measurement accurate to ±1 °C. Therefore, high
precision/low TCR (10,000 �) resistors with a tolerance of
0.01% (±1 �) and TCR of ±10 ppm/°C (which is a resistance
change of 1 � with a 10 °C increase in temperature) were used
(Vishay Intertechnology, Inc., MR10210K000TAE66). With
these resistors, a 10 °C increase in the environmental temper-
ature would result in the hot spring temperature measurement
undervalued by only 0.1 °C. This circuit is for one RTD and
must be repeated for the number of RTDs in the array, although
a common source voltage can be shared.

For the electrical conductivity array, the sensor configu-
ration was designed to measure the resistance of the fluid.
As mentioned previously, the four electrode design minimizes
the resistance contributions from the leads and the choice
of platinum for the electrode material minimizes the error
associated with polarization impedance. Again, using Ohm’s
Law, the resistance was determined by knowing both the
current through the solution and the voltage drop across the
solution. The four-point-probe incorporates two outer ‘force’
electrodes for passing the current through the solution and two
inner ‘sense’ electrodes for directly measuring the voltage drop
across the solution.

Fig. 13. Circuit schematic to measure the electrical conductivity of the
solution in which the four-point-probe is immersed.

A circuit was designed (Fig. 13) following the methods pre-
sented in [11]. An alternating current is required for the input
excitation signal in order to prevent electrolysis. Additionally,
operating at higher frequencies can further reduce the impact
of the polarization impedance. The excitation voltage (VE X )
was a 2 V peak-to-peak amplitude sinusoidal signal with
a frequency of 1000 Hz and was generated by the data
acquisition device.

The operational amplifier (ON Semiconductor,
MC33079PG) was set up in a non-inverting configuration.
In this configuration, the negative terminal of the operational
amplifier has extremely high input impedance so the current
flowing through the known resistor (Rre f ) is the same current
being passed through the hot spring fluid via the outer force
electrodes. The value of the current was determined by
measuring the voltage drop (Vre f ) across Rre f . The voltage
drop (VS) across the solution of unknown resistance is
measured by the inner sense electrodes. Once the resistance
of the solution is determined, the conductance is determined
by taking the inverse. In order to translate from conductance
to conductivity, the cell constant of the sensor is needed;
however, this step was bypassed by calibrating the sensors
with solutions of known conductivity.

III. RESULTS

Both the temperature and electrical conductivity sensor
arrays were deployed in hot springs at Yellowstone National
Park, USA. At one site, two geochemically distinct hot
spring outflow channels converged. One channel was acidic
(pH ∼3.3, temperature ∼36 °C, conductivity ∼900 μS/cm).
The second channel was alkaline (pH ∼7.8, temperature
∼60 °C, conductivity ∼4200 μS/cm). Within a 15 cm wide
section of the mixing zone, four distinctly colored photosyn-
thetic microbial communities appear as striped features in the
sediments that do not appear anywhere else in either of the
two streams (Fig. 14).
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Fig. 14. Photograph showing the confluence of two hot spring outflow
channels. Where the alkaline channel (top – white arrow) and the acidic
channel (bottom – black arrow) mix, distinct bands of pigment are observed.
The lines dividing the pigments are shown with dashed lines.

Fig. 15. (Top) Close-up image of the mixing zone where the two hot spring
outflow channels merge. Red dots represent temperature measurements. The
acidic stream is flowing in the direction of the bottom left yellow arrow and
the alkaline stream is flowing in the direction of the top left yellow arrow.
(bottom) Close-up of the temperature color map overlaid on the image.

More than 700 temperature and 90 conductivity measure-
ments were taken within the mixing zone of the two geochem-
ically distinct hot spring outflow channels using the sensor
arrays in a single afternoon. The sensor arrays enabled the
large number of temperature and conductivity measurements
that were not otherwise achievable using existing measurement
techniques.

Results of centimeter-scale high resolution mapping of
temperature and conductivity in the mixing zone produced
data that were used to create temperature and conductivity
color maps using the ArcMap software [12]. The temperature
color map traces out distinct regions that match the shape and
width of many of the pigmented bands (Fig. 15). Color data
between measurements were interpolated using the inverse
distance weighting method.

Fig. 16. (Top) Close-up image of the mixing zone where the two streams
merge. Blue triangles represent conductivity measurements. The acidic stream
is flowing in the direction of the bottom left yellow arrow and the alkaline
stream is flowing in the direction of the top left yellow arrow. (bottom) Close-
up of the conductivity color map overlaid on the image.

The electrical conductivity color map is shown in Figure 16.
The conductivity data were too sparse to show any clear
correlation with the colored photosynthetic regions. One obvi-
ous possibility is that conductivity has little effect on where the
transition zones between photosynthetic communities occur in
this system.

However, a qualitative comparison of the temperature and
conductivity maps over areas where the conductivity and
temperature sampling densities are both high shows that these
areas correspond quite closely to the colored striping features
of the microbial communities. Temperature and electrical
conductivity data taken at the same location and measured
across the photosynthetic stripes showed a similar structure
(Fig. 17). Based on the structural similarity of the two plots,
conductivity was modeled across the microbial striping zone
using only temperature as a predictor.

In order to do this, the two streams were treated as end
member reservoirs of a specific temperature and conductivity,
and the mixing zone was treated as a linear combination
of the end member reservoirs. The end member values for
the temperature and conductivity of the acidic reservoir are
Ta = 36.7 °C and Ca = 890 μS/cm, respectively. The end
member values for the temperature and conductivity of the
alkaline reservoir are Tb = 59.9 °C and Cb = 4150 μS/cm,
respectively. The fractional contribution of water from each of
the reservoirs can be determined at any location by knowing
the temperature at that location (Tmix ) via the following
equations:

Tmix = faTa + fbTb (4)

fa + fb = 1 (5)
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Fig. 17. Plot of the measured temperature and measured conductivity across
the mixing zone at the same location.

where fa and fb represent the fractional volumetric con-
tribution of water from the acidic and alkaline reservoirs,
respectively. Assuming there is no contribution other than that
from the two reservoirs, the two fractions will add to unity.
Using these fractions, the conductivity (Cmix ) can be predicted
at each location where the temperature was measured via

Cmix = faCa + fbCb. (6)

This method then acts to greatly increase the sampling density
of the conductivity measurements. A plot showing the mea-
sured temperature and the model-predicted conductivity at the
same location is provided in Figure 18. A plot of the measured
conductivity and model-predicted conductivity is provided in
Figure 19. The predicted and measured conductivity values
match each other (within error), except for at one point.

Based on these results, it appears that a sampling density
bias in the measured conductivity is the likely cause of
the color discrepancies between the measured conductivity
and temperature maps. Figure 20 shows the model-predicted
conductivity color map, which has the same structure as the
measured temperature map. Assuming the previous method
holds true everywhere in the mixing zone, this conductivity
color map provides a more representative view of the conduc-
tivity distribution across the mixing zone.

This also implies that conductivity (bulk ion chemistry)
is a conservative constituent within this hot spring system.
Conservative constituents are those elements or molecules
whose concentration ratios relative to one another do not
change and that are not noticeably affected by the presence
of biological activity. This new technique may be extremely
useful for predicting other conservative chemical parameters
(those not influenced by biology or chemical reactions) such
as elemental concentrations at high spatial scales impossible
to measure at using existing water sampling techniques. The
technique is limited to areas where there is mixing between
two channels and where the temperature is governed by the
mixing of the two fluids rather than another process such as
evaporative cooling.

Fig. 18. Plot of the measured temperature and model-predicted conductivity
across the mixing zone.

Fig. 19. Plot of the measured and model-predicted conductivity across the
mixing zone.

Fig. 20. Zoomed-out model-predicted conductivity color map of the acidic
outflow mixing zone and alkaline channel (top of image). The stick above the
scale bar is 1.2 m long for scale.

IV. CONCLUSION

The utility of MEMS sensor arrays to measure physical
and chemical properties in a hot spring system has been
shown. The large number of temperature and conductivity
measurements taken would not have been possible using exist-
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ing commercial technology. The system studied involved the
mixing zone where two chemically distinct hot spring outflow
channels merged. One channel was hot, alkaline, and had
high conductivity, while the other was cool, acidic, and had
lower conductivity. In the mixing zone where the two streams
merged, a zone of several distinct photosynthetic microbial
communities appears; these pigmented communities are not
evident anywhere else in the two streams. A high resolution
temperature color map was created using the high density tem-
perature measurements collected with the sensor arrays. The
spatial distribution of the various pigmented photosynthetic
microbial communities could be traced based on the color
(temperature zones) of the temperature map. In addition, a
similar (albeit lower resolution) conductivity color map was
created using the less dense conductivity array measurements.

Conductivity and temperature were compared across the
mixing zone at approximately the same location and appeared
to show the same trend. Therefore, the high-spatial-resolution
temperature data were used to predict the conductivity based
on a mixing model that assumed each stream was an end
member reservoir of known conductivity and temperature.
Model-predicted conductivity values matched the measured
conductivity values fairly well at most locations. Therefore, the
temperature data were used to create a high-resolution model-
predicted conductivity color map. The ability to generate a
high spatial resolution map of conductivity even though the
measured data were sparse is a potentially powerful technique
that could be utilized for other conservative constituents that
are impossible to measure at those spatial scales.
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