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APPENDIX A2:  GEOTHERMAL RESOURCE DATA  COLLECTION 

A2.1  ACTIVE GEOTHERMAL FEATURES 

For each active geothermal feature, the following parameters should be carefully measured and recorded: 

 Location in UTM with zone or Latitude and Longitude.  In both cases the projection and datum 
information should be clearly indicated (e.g., WGS 84, ED 1950, etc.) 

 Temperature in degrees Celsius (°C) 

 Electrical Conductivity (EC) which is also known as Specific Conductivity (SC) in microsiemens (µS/cm) 

 pH 

 Flow rate in liters per second (l/s) or kilograms per second (kg/s).  Estimates are sufficient; this 
measurement does not need to be exact, only accurate to within an order of magnitude. 

 Presence of gas bubbles 

 Presence of odors (sulfur, or other odors) 

 Presence of precipitates in the fluids 

 Presence and extent (mapped if possible) of deposits associated with the active geothermal 
manifestations such as sinter, travertine, bleaching/alteration, and/or silicification of surrounding or 
underlying deposits. 

In addition to the above parameters, the overall number of manifestations should be recorded (particularly for 
springs > 50°C and wells > 80°C), and their areal extent and the cumulative flow rate of all the manifestations in 
each given area.  If this information is available from previously published studies, it should be re-checked, as 
geothermal systems are dynamic and can evolve over relatively short periods of time (years or less).  It is 
important to document current conditions, although historical data are also useful.  

In the case of hot/warm wells, additional information should be recorded if available: 

 Purpose (objectives) of the well spud date (the date drilling started) 

 completion date (the date the hole was completed) 

 total depth (bottom hole depth, both depth drilled and true vertical depth) 

 drilling history (daily drilling reports and/or summaries of the drilling conditions) 

 drilling results (temperature and flow rate upon completion of the hole) 

 bottom hole temperature 

 temperature and outputs of long term discharges under different wellhead pressures 

 Well completion data 

 casing diameter as well as the depth of the hanger and the depth of the casing shoe (there may be 
multiple casing strings, in which case the information for each one should be recorded). 

 liner diameter as well as the depth of the hanger and the depth of the bottom of the liner (there may 
be multiple liners, in which case the information for each one should be recorded)  

 nature of any open interval (open hole, gravel pack etc.). 

 Geologic logs (mud logs, core logs) 
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 Geophysical logs (temperature pressure spinner logs, resistivity logs (FMI)) 

 Well test results 

 Other tables 

This information can be very helpful in determining which lithologic units and/or structures are associated with the 
production of hot water.  The locations of active geothermal features can be shown on a map, such as in Figure 
A2.1.  

 

Figure A2.1:  Example map of active geothermal features (GNS Science, New Zealand). 

A2.2  GEOLOGY 

During the literature review, the developer assesses the state of geologic mapping for the area in question.  Once 
the existing maps have been located and examined, the following steps should be undertaken to evaluate and 
supplement existing mapping. 

Assess the accuracy and suitability of existing maps and cross sections by comparing them to field observations.  
If the quality of existing mapping is sufficient, but cross sections have not been constructed for the project area, 
this should be done.  If the quality of existing mapping and/or cross sections is insufficient, new geologic mapping 
should be undertaken.  In either case, multiple cross sections should be constructed through the project area to 
present and evaluate the three dimensional subsurface structure.  

In many cases, a developer finds that the existing geologic mapping is of good quality, but there is a need for 
additional mapping that focuses on areas and issues of particular relevance to geothermal exploration, including 
those discussed below.  An example of a geological map from the geothermally active Taupo Volcanic Zone in 
New Zealand is shown in Figure A2.2. 
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Figure A2.2: Example of a geologic map (GNS Science, New Zealand). 

Heat Source  

The possible heat sources for the system should be identified or inferred, providing the concept about the driving 
mechanism for the geothermal system.  The heat source may be associated with active volcanism or regional 
high heat flow.  Felsic volcanism is often associated with shallow magma chambers that can be a heat source for 
geothermal systems, whereas mafic volcanism tends to be sourced from deeper magma chambers that are less 
likely to drive a geothermal system.  The most interesting igneous rocks will be of Miocene (12 my) or younger 
age, as they are most likely to be associated with magma chambers that still retain significant heat.  In Turkey, 
there is some significant young volcanism in the eastern parts of the country.  Despite this the major focus of 
geothermal development in Turkey is currently in Western Anatolia, where regional heat flows are known to be 
high. 

Geothermal Manifestations 

As discussed above, geothermal manifestations are direct indicators of hot water flowing in the subsurface and 
therefore need special attention when preparing maps.  Areas that lack active geothermal manifestations, but 
show evidence of their earlier presence are also of extreme interest.  It is common, particularly in heavily 
populated or agricultural areas, for water tables to have lowered over time.  This can result in active geothermal 
manifestations drying up, even though there is still an active system below at depth.  Indicators of areas of former 
hot spring activity include hot spring deposits (sinter, travertine, etc.), bleached or hydrothermally altered areas, 
and silica cementing of shallow deposits, all of which indicate that hot water has passed through the area. 

Certain types of mineralization are often associated with hydrothermal systems, such as sulfur (S), mercury (Hg), 
gold (Au), silver (Ag), and antimony (Sb).  Because circulating geothermal fluids concentrate these minerals into 
economically attractive deposits, the presence of such deposits can indicate the potential existence of a 
geothermal system, and therefore should be mapped.  However, there are limitations to the use of mineral 
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deposits.  While concentrations of these minerals are sometimes associated with active geothermal systems, 
most such deposits are associated with long extinct geothermal systems that, while providing potentially 
attractive mining targets, do not currently have active geothermal systems associated with them. 

In addition to concentrating certain economic minerals, geothermal fluids break down the rocks though which 
they are passing, changing their minerals.  The most common result of this water-rock interaction is the formation 
of clays as a product of hydrothermal alteration.  Sometimes colorful, other times bleached white, these clay 
alteration zones are one of the most prominent indicator of a geothermal system.  However, as with the mineral 
deposits described above, these alteration zones may be the result of ancient rather than current activity.  In 
some geothermal areas, the careful mapping of alteration types and patterns provides insight about the history of 
thermal activity in an area. 

Lithology and Stratigraphy 

Certain lithologies have greater potential to be reservoir rocks.  These are lithologies with high primary and/or 
secondary permeability, such as sandstone, limestone, quartzite, marble, gneiss, lava flows, and other brittle rock 
units that can sustain fractures when deformed.  Permeability is almost always a limiting factor in geothermal 
projects, therefore identifying units which are likely to sustain permeability is of high importance when targeting 
wells. 

It is also important to identify potential capping rocks (aquitards and aquicludes).  These are units with low 
primary and secondary permeability such as clay, silt, shale, schist, and other rock types that tend to have plastic 
(rather than brittle) deformation.  The distribution of low permeability and high permeability rocks define fluid flow 
pathways, resulting in a geothermal reservoir of a particular size or shape. 

Understanding the stratigraphic sequence in the area will permit a better understanding of the distribution of 
various lithologies.  In areas with major normal faulting, exposures in the hills and mountains may provide clues 
to what lies beneath the subsurface in the adjacent valley.  Drilling data from any deep wells in the region should 
also be evaluated to confirm the stratigraphic sequence, to the extent that such data are available.  The 
construction of stratigraphic columns from drill hole data from the Wairakei Geothermal Field in New Zealand is 
illustrated in Figure A2.3. 
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Figure A2.3:  Example of a stratigraphic column, and comparison between wells (GNS Science, New 
Zealand). 

Geologic and Tectonic Structure 

Analysis of regional geologic structure enables an understanding of the geological context of the project area.  Of 
particular interest are large scale extensional features such as grabens and metamorphic core complexes, or any 
other structural features that result in or are the result of crustal thinning.  In addition, the location, orientation, 
and distribution of regional deep fault zones are important, as these faults can play many roles in a geothermal 
system, from fluid conduits to barriers to fluid flow as well as creating or enhancing secondary permeability. 

Local geologic structure is of paramount importance in any geothermal project.  Geothermal systems are often 
associated with structural highs and in many cases dipping units may transmit geothermal fluids from depth 
across significant distances (i.e., the source or reservoir is laterally offset from the surface manifestations).  
Understanding the depth, orientation, and thickness of potential reservoir units and lower-permeability units is 
essential to developing a comprehensive conceptual model.  Of equal importance is understanding the locations, 
orientations, and sense of slip along both regional structures (e.g., graben-bounding faults) and local structures 
(e.g., cross-cutting faults). 
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Two-Dimensional (2D) Cross-Sections 

Two-dimensional (2D) geologic cross-sections (as shown in Figure A2.4) illustrate the basic stratigraphic and 
structural framework of a particular prospect. 

 

Figure A2.4: Example of 2D geologic cross section (GeothermEx, Inc.). 

Three-Dimensional (3D) Models 

When drill hole information is available, all structural and stratigraphic information can be integrated into a 3D 
model as illustrated in Figure A2.5.  These 3D models are proving to be extremely useful for well targeting and 
structural and stratigraphic visualization. 

 

Figure A2.5:  Example of 3D geologic cross section (GNS Science, New Zealand). 
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A2.3  GEOCHEMISTRY 

Fluid and Gas Sampling 

Once geothermal manifestations have been identified, located, and characterized, geochemical samples should 
be taken of representative fluids, steam, and/or gases.  When numerous geothermal manifestations exist in an 
area, those with the highest temperatures and electrical conductivities should be given priority for sampling (if all 
cannot be sampled).  If there are multiple features with comparable temperatures and electrical conductivity (EC) 
values, the features with the highest flow rates are the most important for sampling.  If field measurements of 
temperature and conductivity (and chloride content, which is sometimes measured in the field) suggest that the 
manifestations may be mixtures of hotter and colder water bodies, a range of samples should be selected to 
assist in understanding how the thermal fluid is mixing with other water components. 

In the case where no thermal manifestations have been located in the area, springs or wells with elevated EC 
levels, gas bubbles, unusual odors, or tastes should be sampled.  These attributes are sometimes the result of an 
input of thermal fluids, although not in all cases.  EC can vary with geologic terrain.  Therefore, an appropriate 
method   for   determining   what   constitutes   an   “elevated”   EC   level   is   to measure numerous non-thermal water 
sources  in  the  area  to  establish  an  average  “baseline”  EC  for  the  area.    Any  spring  that  has  an  EC  one  standard  
deviation or more above the average would be considered to have an elevated EC level. 

The physical and chemical characteristics of the geothermal feature being sampled should be recorded as 
described in Section A2.1.  If the characteristics, location, temperature, etc. of the geothermal feature have been 
recorded prior to the geochemical sampling the following characteristics of the sampled geothermal features 
should be measured and recorded again at the time of sampling: 

 Location in UTM with zone or Latitude and Longitude.  In both cases, the projection and datum 
information should be clearly indicated (e.g., WGS 84, ED 1950, etc.) 

 Temperature in degrees Celsius (°C) 

 Electrical Conductivity (EC) which is also known as Specific Conductivity (SC) in microsiemens (µS/cm) 

 pH 

 Flow rate in liters per second (l/s) or kilograms per second (kg/s), estimates are sufficient, this 
measurement does not need to be exact, only accurate to an order of magnitude. 

 Presence of gas bubbles 

 Presence of odors (sulfur, or other odors) 

 Presence of precipitates in the fluid 

The sampled fluids should be properly preserved and analyzed for silica, cations, anions, and isotopes in water 
and sulfate.  Analysis of the geochemistry of the thermal fluids should be carried out by a laboratory with 
experience in analyzing geothermal fluids.  There are a number of concerns specific to the analysis of geothermal 
fluids that other laboratories (e.g., those that specialize in analyzing typical groundwater) may not appreciate or 
understand, potentially leading to poor analyses.  

The completed analyses should be compiled into a spreadsheet or database.  Silica, cation, and isotope 
geothermometers should be calculated and added to a table where they can be compared to each other.  
Geothermometers respond to cooling at different rates and are affected differently by various rock types and 
other reservoir conditions; therefore it is necessary to calculate the geothermometers as a suite, within their 
geologic context, in order to properly estimate potential resource temperatures.  Chemical parameters should be 
plotted against each other in a variety of plots to assess the characteristics of the geothermal fluids.  The 
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following figures (Figures A2.6 to A2.12) illustrate the way in which geochemical data is used to develop mixing 
models, identify end members, and follow the evolution of fluid compositions in a geothermal system.  

 

Figure A2.6: Example plot of fluid stable isotope data (GNS Science, New Zealand). 

 

 

Figure A2.7: Examples of various plots of fluid geochemistry (GNS Science, New Zealand). 
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Figure A2.8:  Example of a piper diagram (GNS Science, New Zealand). 

 

 

Figure A2.9: Example of geothermometer comparison (GNS Science, New Zealand). 
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Figure A2.10: Example of an Enthalpy vs. Cl plot (GNS Science, New Zealand). 

 

 

 

Figure A2.11: Graph showing Ar, CO2 and N2 in the gases of various thermal features (GNS Science,  New 
Zealand). 
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Figure A2.12:  Example of a Giggenbach gas ratio grid (GNS Science, New Zealand). 

Soil Sampling 

Another commonly used geochemical exploration technique is to survey for carbon dioxide (CO2) soil flux and/or 
mercury (Hg) in soil.  Geothermal systems contain non-condensable gases, the principal component of which is 
CO2, and often have elevated levels of Hg.  Therefore, soil sampling surveys are designed to locate anomalously 
high concentrations of CO2 and/or Hg that could indicate a potential geothermal system at depth. 

Increased CO2 flux occurs near many active geothermal manifestations, and CO2 flux can suggest a geothermal 
system at depth.  CO2 soil flux surveys are done with a portable meter that measures the active flux of CO2 
through the soil.  While CO2 soil flux surveys can show the presence of active geothermal manifestations and 
structures such as faults that may be conducting geothermally-derived gases toward the surface, these surveys 
rarely provide significant geologic or geochemical insight.  However, they can often confirm the results of other 
methods (notably geologic mapping), and they are reasonably cost-effective.  

Mercury surveys are performed by taking small soil samples and analyzing them in a portable mercury detector.  
While this method can resolve very small differences in mercury concentration, there are many other sources of 
mercury aside from active geothermal systems which tend to cloud the results.  Extinct hydrothermal systems 
can still have mercury associated with them millions of years after activity has ceased.  In addition, there are 
numerous anthropogenic sources, such as improper disposal of mercury bearing items (thermometers, 
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refrigerators, etc.), and industrial processes such as manufacturing or mining that lead to the disposal of fluids 
with elevated mercury.  To the extent that the history of a site is known, this may help in the interpretation of soil 
Hg survey data.  

A2.4  GEOPHYSICS 

Gravity Surveys 

Gravity surveys are relatively simple to implement, and measure the bulk density of the rock sequence beneath 
the project site.  Starting with reasonable assumptions about the thickness and density of different subsurface 
rock units, gravity data are modeled in an iterative way to arrive at the best match between the observed data 
and the calculated result from the gravity model.  Figure A2.13 is a map of gravity data, and Figure A2.14 depicts 
the interpretation of the data.  This process helps to assess the stratigraphy and structure of the subsurface.  
Gravity data are commonly integrated with the geologic mapping to provide better insight into the three-
dimensional distribution of rock units and the overall geologic structure of the area.  Gravity surveys can be 
applied at both the regional scale and at a more localized level during the Exploration Phase to better understand 
the structure of the more promising areas.  Gravity is a cost-effective technique and fundamental technique used 
in exploring many types of natural resources, including geothermal exploration.  Sometimes magnetic data are 
collected during the same survey, requiring the use of a magnetometer as well as a gravity meter.  While 
magnetic surveys are less important than gravity data, they can sometimes yield additional insights into 
stratigraphy and structure. 

 

Figure A2.13:  Example of gravity data (GNS Science, New Zealand). 
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Figure A2.14: Example of gravity data interpretation (GNS Science, New Zealand). 

Temperature Gradient Drilling 

Although commonly considered as a drilling method rather than a geophysical method, temperature gradient 
(TG) drilling is undertaken to directly measure subsurface temperature, which is a geophysical property.  Since it 
measures the quantity being sought (heat), TG drilling is one of the most valuable geophysical techniques used 
in geothermal exploration.  It is often possible to drill TG holes with a water well rig, which cost far less to mobilize 
and operate than larger rigs (which are used for deep slim holes or full diameter wells).  This makes temperature 
gradient drilling a very cost-effective exploration technique in geothermal projects.  

TG drilling is most commonly applied towards the end of the Exploration Phase, focusing on areas deemed to be 
the most promising based on earlier exploration and analysis, enabling an evaluation of the variation in 
temperature gradient across an area.  As with other geophysical methods, interpretation of TG data informs our 
understanding about the depth and attitude of possible reservoir rocks, and, most importantly, the estimated 
reservoir temperature (Figure A2.15).  In this sense, TG drilling is an excellent complement to chemical 
geothermometry, which estimates the temperature at the deep fluid source, but is unable to say at what depth 
that fluid might be found.  TG drilling also helps elucidate geologic structure, like the other geophysical methods 
discussed above.  
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TG drilling often uses a truck-mounted or other small rotary rig that can quickly drill wells to depths that rarely 
exceed about 200 m.  Such holes are typically completed within a matter of days.  In some cases, deeper TG 
holes are drilled (to depths as great as 500 or 600 m), and in some cases, they may encounter a geothermal 
resource.  Deeper TG holes are sometimes drilled using two rigs: a  rotary  rig  to  drill  the  “top  hole”  and  a  coring  rig  
to drill the deeper section.  This two-rig method can shorten the drilling program and save costs.  Further, 
although rock cuttings are logged and described, the collection of core data from the reservoir itself and even 
from the interval above the reservoir provides valuable information for the conceptual model.  

TG holes drilled with a rotary rig are typically completed with inner tubing that is capped on the bottom and has 
been back filled with gravel or cuttings in the annular space between the tubing and the wellbore walls.  TG holes 
drilled   with   a   coring   rig   typically   leave   the   coring   rods   in   the   hole   (this   forms   the   well’s   “casing”).      Both  
completions keep the hole open for logging while reducing the potential for flow into or out of the well, which 
means that the temperature measured inside the tubing reflects the actual formation temperatures of the 
penetrated rock, rather than being an artifact of internal flow.  To the extent that internal flow within the casing 
does occur, this needs to be considered when TG data are interpreted.  Because the drilling process disturbs 
natural   temperatures,  a  series  of   “heat-up”   temperature   logs   (perhaps  about  3  or  4  over   the  course  of  several  
wells) are run to establish the final stabilized temperature; these stabilized data are used for analysis. 

Occasionally, a TG well will encounter a shallow geothermal resource.  In this case, there are opportunities to 
collect additional information that are useful for understanding the system.  For example, it may be possible to 
collect fluid samples by briefly flowing or bailing the well.  If the drilling permit does not allow such activities, it 
may be possible to conduct a short injection test of the well.  Injection test data, together with the stabilized 
temperature profile, can be used to estimate the productivity of a full-diameter well drilled into similar conditions.  

 

Figure A2.15:   Example of temperature gradient well logs. 
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Temperature Contour Maps and Cross-Sections 

Information about formation temperatures from drill hole data can be plotted as temperature contour maps 
(Figure A2.16), or overlain on geologic cross-sections (Figure A2.17).  Such diagrams can provide useful 
information for future well targeting. 

 

Figure A2.16: Example of temperature contour map (GNS Science, New Zealand). 
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Figure A2.17:  Example of a combined geologic and temperature cross section (GNS Science, New Zealand). 

Electrical Resistivity Surveys 

A commonly used geophysical technique in geothermal exploration, electrical resistivity surveys can be extremely 
valuable as an exploration tool, but have some important limitations.  There are numerous resistivity methods 
available,  including  vertical  electric  soundings  (VES  or  “Schlumberger  soundings”),  DC  resistivity  surveys,  time-
domain electric magnetic (TDEM) surveys, magneto-telluric (MT) surveys, and controlled-source audio-magneto-
telluric (CSAMT) surveys.  At present, MT is probably the most common technique used in most geothermal 
fields, as it can measure rock resistivity (or conductivity) to deep levels (a few km, which is significantly greater 
than for most other methods).  

Electrical resistivity methods were first applied in volcanic terrains that host high-enthalpy geothermal reservoirs 
(with  temperatures  exceeding  200°C.    In  such  reservoirs,  a  “cap”  of  hydrothermally  altered  clays  is  present  above  
the reservoir.  Resistivity surveys can help to image this clay alteration cap as a zone of low resistivity, with the 
higher resistivity reservoir lying below the cap.  Lower temperature systems such as those common in Turkey 
tend not to have well developed clay alteration caps.  In these cases, resistivity surveys can offer insight into 
regional stratigraphy and geologic structure, depending on the lithologies present.  

Resistivity surveys can be performed at a regional scale; in these cases, the station spacing may be on the order 
of a few per km2.  It is usually more cost effective to identify a prospective area with other methods, and then 
conduct a detailed resistivity survey in that area, with perhaps as many as 10-15 stations per km2.  That said, 
conditions sometimes call for the application of a relatively detailed resistivity survey to help define an attractive 
area.  This was the case in at least one project where a geothermal resource was expected to be present, but 
environmental issues severely restricted access to the resource.  The areas where geothermal development 
could occur were therefore surveyed in detail.  These resistivity data were interpreted together with other 
information (most importantly, temperature gradient data) to help identify locations for deep, full-diameter wells.  
The combination of resistivity surveys and TG wells has been used as a basis for targeting full-diameter  “step-
out”  wells  in  a  new  portion  of  operating  geothermal  fields.    As  with  nearly  everything  described  in  this  guide,  it  is  
emphasized that electrical resistivity data should be evaluated in the context of other data and information.  
Figure A2.18 presents an MT resistivity map based on ~1 km grid spacing within the Taupo Volcanic Zone in an 
area where at least 10 active geothermal systems are located.  The data can also be presented in three-



Geothermal Exploration Best Practices 61 

dimensional (3D) models as shown in Figure A2.19.  These sophisticated models are proving invaluable for 
successful well targeting. 

 

Figure A2.18:  Example of MT resistivity map (GNS Science, New Zealand). 

 

 

Figure A2.19: Example of 3D MT resistivity cross section (GNS Science, New Zealand). 
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Seismic Reflection 

While seismic reflection is possibly the most commonly used geophysical technique in oil and gas exploration, it 
is not often used in geothermal exploration.  One reason is the cost of the method relative to the value of the 
resource (hydrocarbons have far more value per unit of measure than geothermal fluids).  A second reason is 
that oil and gas deposits tend to be hosted in well stratified sedimentary sequences that offer many reflecting 
horizons.  Faults are seen in the data at locations where these reflectors are offset.  With some well control (most 
oil and gas fields have some wells) seismic reflection data can be effective at mapping out a particular 
stratigraphic horizon.  Low and medium enthalpy geothermal systems come very often along with sedimentary 
layers or karstic formations.  2D-seismic reflection can identify faults and extensive structures (Figure A2.20).  
3D-seismic reflection represents the most sophisticated type to identify certain sedimentary facies and the most 
promising drilling targets. 

High enthalpy geothermal systems tend to be hosted in deformed metamorphic and volcanic rocks that are 
characterized by less lateral continuity, which results in seismic data sets that are difficult to interpret.  To the 
extent that geothermal reservoirs are hosted in poorly stratified rocks (such as in volcanic areas), or have no 
wells to provide the needed control, seismic reflection offers more ambiguous (and therefore less useful) results.  
Thick, near-surface volcanic deposits (particularly pyroclastic units) tend to attenuate the seismic energy, limiting 
the ability to obtain coherent reflections from deeper horizons.  

This technique would be used during the Exploration Phase to help assess the structure and stratigraphy of the 
most promising areas.  If the data quality is sufficient and if enough is known about the stratigraphic section being 
imaged, seismic reflection data can be used to make inferences about permeability variations.  Because of its 
high cost, however, the application of reflection seismic methods in geothermal exploration and development 
tends to be limited to areas where both geologic and economic conditions support its use.  Figure A2.21 shows a 
seismic section with a proposed borehole track.  Figure A2.22 is a conceptual geological model based on seismic 
data. 

 

Figure A2.20:  Example of seismic section. 
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Figure A2.21:  Example of seismic section with planned borehole (Erdwärme Bayern GmbH & Co. KG-). 

 

Figure A2.22: Example of seismic section with geological interpretation (Erdwärme Bayern GmbH & Co. KG-). 


