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Dear members and friends of the LPS, 

Contrary to the last communication, it looks like we shall not be meeting face to face again this 
year unfortunately.  However, we are planning some great events to finish up 2020 and to keep 
you involved.  We have a great evening lecture, our AGM and an online seminar still to come 
this year. 

Our next evening lecture will be by Marco Pirrone of ENI on “A multi-scale path for the 
characterisation of heterogenous karst carbonates: How log-to-seismic machine learning can 
optimise hydrocarbon production”.  It will be Tues 13th October and will be held online – 
please see the website for more details. 

Our AGM is upcoming on Tues 17th November and will be held online, with virtual voting!   

Watch this space for more details on our December seminar, themed around Professor Paul 
Worthington’s work.  We hope to have a panel session as well as some talks from his ex-
colleagues and those who have used his papers in their work.  More details and a call for 
abstracts will be on the website soon. 

Huge thanks to Michael Tosh of one&zero for presenting our September webinar series, 
entitled “Introduction to M/LWD operations”.  This was a great success, providing a thorough 
grounding in the basics of LWD tool operational issues.   

Best wishes,  

Dawn Houliston 



 
Upcoming LPS Events 

London Petrophysical Society: A Chapter of SPWLA www.lps.org.uk 

 

 

 

 

 

 

Tuesday 13th October @ 5:30 pm 

Webinar 

 

`A multi-scale path for the characterisation of heterogenous karst 
carbonates: How log-to-seismic machine learning can optimise 

hydrocarbon production  ` 

Marco Pirrone 
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A MULTI-SCALE PATH FOR THE CHARACTERIZATION OF HETEROGENEOUS 

KARST CARBONATES: HOW LOG-TO-SEISMIC MACHINE LEARNING CAN 

OPTIMIZE HYDROCARBON PRODUCTION  

Marco Pirrone  

Production Petrophysicist  

Advanced Well Characterization Department  

ENI  

The accurate modeling of carbonate reservoirs is a long-standing challenging task due to the 

difficulties in capturing and characterizing their intrinsic multi-scale heterogeneities. 

Unpredictable variations in pore size distribution, in pore geometry and connectivity strongly 

influence both reservoir rock properties and fluid-flow behavior. This fact often results in 

discrepancies between the petrophysical characteristics estimated from cores and/or logs and 

distributed in the 3D model, and the actual dynamic performances of wells and reservoir. This 

talk discusses a novel fully integrated machine learning workflow, based on a 

multidimensional/multi-scale approach, aimed at obtaining a robust static and dynamic 

characterization of carbonate reservoirs. In detail, open-hole logs, micro-resistivity images, 

production logging and pressure transient analyses are used to simultaneously depict the rock 

characteristics and the associated dynamic behavior at well scale. Then, a supervised 

classification allows building a link between the aforementioned reservoir properties and 

particular seismic attributes extrapolated at the well locations. Finally, the interesting 

carbonate features are distributed into the entire 3D reservoir model through a fit-for-purpose 

data analytics algorithm that exploits the full seismic cube. The complete methodology is 

presented by means of a study performed on an oil-bearing carbonate reservoir characterized 

by an extremely high heterogeneity due to diagenetic processes, in particular to karstification. 

These are responsible of important permeability enhancements in low porosity intervals that 

are critical for production optimization and reservoir management purposes. At well scale, 

karst features are characterized by an advanced image log interpretation mainly focused on 

the quantification of connected vugs.  
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Moreover, multi-rate production logging and well test analyses are accomplished in order to 

evaluate the proper permeability values in such karst intervals where core-calibrations and log-

based predictions are not reliable. Next, karst-related vug densities, flowcalibrated 

permeabilities and selected seismic parameters such as lineaments (from continuity and 

curvature attributes), and the outputs of spectral decomposition have been used in a data-

driven process as sets for log-to-seismic learning and validation phases. In the end, karst-

related permeability enhancements are distributed into the 3D reservoir model according to 

the driving seismic attributes. The outcomes of the workflow are karst probability maps that 

are deemed fundamental to guide new wells location and trajectory. Actually, several case 

histories have demonstrated the reliability of the approach. The newly drilled wells with paths 

guided by these prediction-maps have intercepted the desired karst intervals as per the 

subsequent image log interpretation. The latter has been also used to define the proper 

perforation strategy including low porosity intervals but with high vug density. Well tests and 

multi-rate production logging interpretations have proven the outstanding well performances 

associated with permeability values in the order of the Darcy right through the karstified rock. 

Based on these successful results, the ongoing drilling and perforation campaign is built upon 

this comprehensive methodology.  
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• SPWLA Webinars:  

https://www.spwla.org/SPWLA/Events/Event_List/SPWLA/Events/EventListRoster.aspx?
DisplayAreaOptions=No&hkey=0e68d4af-78df-4ed2-8bd2-79ddc7cf4411 

• SPWLA BOSTON 2021 Call for Abstract is open, abstracts must be submitted no later than 
25th October 2020. More information at https://www.spwlaworld.org/abstract-submission/  

• PESGB Virtual Events: 

https://www.pesgb.org.uk/upcoming-events/ 
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Call for Abstracts 
Please submit by 19th October 2020  

On Thursday 10th and Friday 11th December the London Petrophysical Society will be holding virtual 
webinars to pay tribute to Paul’s outstanding contribution to Petrophysics. 

 

 The Thursday afternoon session will consist of a series of technical presentations based on some of 
his most renowned work. The Friday morning session will include a panel discussion with speakers 

who knew Paul personally, focussing their debate on his 2011 SPWLA paper “The Direction of 
Petrophysics: a perspective to 2020” and sharing their views of the challenges and opportunities that 

lie ahead for the discipline. 
 

If you would like to be involved, either as part of the panel discussion or to present a technical talk 
related to Paul’s work, please get in touch. Topics may include; 

 

-Net Pay definition and NTG determination 
-Shaley sands  

-Thin beds 
-Core analysis techniques 

-Permeability as a function of scale 
-Personal case studies with anecdotes! 

 

Abstracts should be up to 300 words/one page of A4, citing the publication it refers to, and include 
an illustration if possible. They must be submitted in Word Document format to Rebecca Holyer 

(rebecca.holyer@uk.bp.com) by the 19th October. 
Feel free to contact any LPS committee member if you have any questions or suggestions. 

 

The webinars will be free to attend online 

Registration will be through Eventbrite 

For more info or to register for this event please visit www.lps.org.uk/events/ 
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Contacting LPS 

 

External Relations                      

Kanad Kulkarni 

kanad.kulkarni@gmail.com 

Publications 

Henry Mortley 

HMortley@slb.com 

Technology & Seminars 

Rebecca Holyer 

Rebecca.Holyer@uk.bp.com 

Membership 

Rebecca Lee 

Rebecca.Lee@halliburton.com 

Sponsorship 

Jack Willis 

jack.willis@oneandzero.co.uk 

Technical Editor 

Mohammed Ameen 

ameenms1958@gmail.com 
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A message from the LPS Technical Editor Mohammed S Ameen:  
 

Call for LPS Newsletter Articles 
 
We would like to invite members and friends of the LPS to submit technical articles for future 
editions of the LPS Newsletter.  
 
The LPS Newsletter welcomes submissions in a range of flexible formats such as a short story/
article/announcement that fall within the following structures:  
 
• Technical Innovation News:  The LPS will include a section specifically allocated to short, 

topical, innovation-oriented news.  This can be a paragraph or an extended abstract format 
to share with the community newly developed methods, tools, and newly registered 
patents.  The objective is to disseminate the information to all interested parties within the 
LPS community and beyond. Innovation encompasses new designs or methods, with the 
ultimate objectives of better solutions to meeting needs, or realising a goal in a new 
technique. The innovations are key to providing industrial and academic teams with a 
competitive edge, and part of the process of innovation is to make end users and 
competitors aware of what is new.  The LPS would like to contribute to promoting 
innovative ideas and processes through the newsletter communication. 

• Major Articles: In depth articles discussing topics of interest.  Such articles can involve a 
review of a particular subject or can address and discuss a specific method, tool, or an 
academic study finding.  For example, articles may discuss the implementation experiences, 
implementation efforts of a tool or a method, and uncertainties in the outcome and areas 
for improvements 

• Short Notes Articles: These can be preliminary findings of academic and industrial R&D 
projects related to petrophysics, rock physics and rock mechanics.  These short notes can 
be in the format of an extended abstract. 

• Educational Material:  This may include introducing a topical subject to the wider 
community.  For example, there is a lot of discussions on Artificial Intelligence application in 
geosciences including petrophysics, rock physics etc.  An article that describes the basic 
principles, historical background and current state of the art and challenges would be 
appropriate and timely.   

 
The contribution formats 
Articles should be submitted in Word format and with embedded figures.   
Word count:  

Technical Innovation News:  up to 500 words, and up to 4 figures/illustrations  
Major Articles: up to 3000 words and up to 15 figures/illustrations 
Short Notes Articles: up to 1500 words and 8 figures/illustrations 
Educational Material: up to 3000 words and up to 15 figures/illustrations 

 
If anybody wants to contribute with material which has been previously published the 
LPS Editor requires approval of the original article author (s) and the publisher and a Word 
version of the article without graphics.  
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Why publish in the LPS Newsletter?  
Articles submitted to the newsletter will benefit from rapid publication and flexible format.  
Furthermore, sharing technical innovation news give the inventors/service providers/
researchers the exposure to potential end users and help in completing the innovation process 
into implementation and testing opportunities. 
 
The deadline  
Contributions should be sent to the LPS Technical Editor by email.  Articles will be published 
on first come first serve basis subject to suitability of the article and readiness for publication 
with no editorial issues.    
 
Frequency of publication 
Accepted contribution for publications will be published in the monthly LPS newsletter. 
  
The license and copyright 
By submitting a contribution to the newsletter, you agree that the text which appears in the 
newsletter will be publicly available. 

How to submit? 
To submit a contribution to the newsletter please send your material at the first instance in a 
compressed pdf file format to the Technical Editor of the LPS:  ameenms1958@gmail.com 
 
All submitted material should have the full names and affiliation and contact details for the 
authors with an indication as to who is the corresponding author.   
 
It is the responsibility of the author to get permission for the publication of material from their 
organization and third parties.  LPS assumes that such permission is obtained before the 
material is submitted. 
 
Commerciality should be avoided, and while preparing the material for publication the author 
should avoid any offense to others. 
 
Templates for articles will be available on request from potential contributors. 
 
Contact for queries/clarifications: 
If you have further information/queries please contact: 
The LPS Technical Editor, M. S. Ameen by email: ameenms1958@gmail.com  
 
 
 

mailto:ameenms1958@gmail.com
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Practical Applications of Bottomhole Temperature Data 
 

Tala Maria Aabø (*) and Christian Hermanrud (**) 
 

(*) Department of Geosciences and Natural Resource Management, University of Copenhagen, 
tala@ign.ku.dk   
(**) Equinor ASA, Trondheim, Norway, che@equinor.com 

 
 

 

1. Introduction 
This article is a summary of the AAPG paper “Toward a global model for correction of bottomhole 
temperature data: Progress and limitations”. We refer to doi: 10.1306/0607181612117167 for full 
text, complete dataset and additional supporting figures.  
 
A variety of geothermal applications, including modelling of hydrocarbon generation and 
estimates of climatic temperature changes, rely on static formation temperature (SFT) as an 
input parameter. The SFT is the temperature of the subsurface prior to cooling by mud 
circulation during drilling. As the drilling process essentially disturbs the natural thermal field, 
SFT is not directly measurable. It must therefore be inferred from temperature data retrieved 
during or after drilling. 
 
Temperatures recorded during drill-stem tests (DSTs) are widely 
assumed to represent high-quality estimates of SFTs (Deming, 1989; 
Hermanrud et al., 1990). However, due to associated costs, the usage 
of DSTs is normally limited to selected wildcat or appraisal wells at 
reservoir depths. In most cases, SFTs are estimated from 
temperatures recorded with maximum thermometers (Figure 1) 
during wireline logging (Tm) of exploration wells, which are recorded 
as “bottom hole temperatures” in well log headings. Bottomhole 
temperatures do, however, rarely reflect the temperature at the 
bottom of the hole (e.g. because the gauge may not reach the bottom 
in all runs). They are therefore termed temperatures recorded during 
logging, Tm, in the following text.  
 
 
 
 
 

Figure 1 (Right):  A 13-cm maximum thermometer 
used for wireline logging. Figure 1 from Aabø and 
Hermanrud, 2019. AAPG ©2019. Reprinted by per-
mission of the AAPG whose permission is required 
for further use. 
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Unfortunately, SFTs inferred from Tm are known to be associated with large uncertainties 
related to both geological and operational factors that are not easily quantified. Most 
importantly, Tm reflects the temperature of the mud column rather than that of the adjacent 
rock. 
 
In this paper we: 
 
a. explore the causes for erroneous SFT predictions generated from Tm measurements and 

identify factors that should be addressed to generate a globally applicable correction 
model. 

b. present an improved empirical correction model for Tm data from eight oil and gas fields, 
located on the Norwegian continental shelf (Figure 2).  

 

Figure 2 (Above and Right): 
Study area, offshore Norway, 
European Datum 1950 Univer-
sal Transverse Mercator Zone 
31N. Oil fields are marked in 
green, gas fields are marked 
in red. Water depths are 
shown in blue, ranging from 
50m (light blue) to more than 
3000m (dark blue). Figure 2 
from Aabø and Hermanrud, 
2019. AAPG ©2019. Reprinted 
by permission of the AAPG 
whose permission is required 
for further use. 
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2. Tm measurements and corrections: An overview  

A variety of models have been suggested to correct Tm for the thermal effect of circulating 
fluids, and thereby obtaining SFTs. These schemes can roughly be categorized as empirical, line 
source, and advanced (physical) models. Collectively, Tm correction schemes underestimate 
SFTs by an average of 6°C–10°C with standard deviations of 8°C or more (Waples and Ramly, 
2001; Waples et al., 2004b; Waples and Pedersen, 2004; Förster, 2001; Holgate and Chopra, 2005; 
Goutorbe et al., 2007).  

The amount of cooling during drilling depends mainly on the duration of the fluid circulation 
and the temperature of the circulating fluid, but it can also be influenced by other factors such 
as the heat capacity of the rocks and the drilling fluid.  

Fluid circulation is an essential part of the drilling process. The time period between ceased 
mud circulation and the time when Tm is recorded is referred to as time after ceased 
circulation (as stated on well log headings) or thermal relaxation time (t). During this period 
drilling fluids will approach the temperature of the penetrated rock. The thermal equilibration 
process can range from several days to a few weeks (Bullard, 1947; Luheshi, 1983; Pollack and 
Huang, 2000) which is typically substantially longer than the thermal relaxation time. 
Lachenbruch and Brewer (1959) showed a thermal equilibrium period of almost two years for a 
well located in Barrow, Alaska (US). In principal, Tm and t as indicated in well log headings 
describe the highest measured temperatures during a single logging run and the number of 
hours since ceased drilling/mud circulation. However, fluid circulation and accompanied 
cooling often continue after drilling e.g. for removal of cuttings (Hermanrud, 1988). Secondary 
fluid circulation poses an issue for most Tm corrections, as such corrections rely on the 
concept of one thermal relaxation time (Deming, 1989). 

Human mistakes represent another potential source of error for working with Tm 
measurements. For example, temperatures and thermal relaxation times are occasionally 
copied from one log run to the next. The Tm, thermal relaxation times, and maximum depth 
stated in well log headings are therefore commonly uncertain (Hermanrud, 1988). 

Empirical correction schemes are simplified expressions, often without physical basis, that 
rely on input parameters that are readily available from well log headings and final well 
reports. Some of these correction models are applicable to single Tm recordings (e.g., Nakaya, 
1953; Parasnis, 1971; Kehle, 1972; Albright, 1975; Andrews-Speed et al., 1984; Perrier and Raiga-
Clemenceau, 1984; Ben Dhia, 1988; Deming and Chapman, 1988; Deming, 1989; Waples and Ramly, 
1995, 2001; Waples et al., 2004a, b). This is beneficial as most offshore well log headings only 
contain a single Tm measurement at each logged depth. Hermanrud et al. (1990) demonstrated 
that empirical corrections based on an exponential time decay yield better SFT estimates than 
other tested models (including empirical, line source and advanced schemes) on the 
Norwegian continental shelf. The usage of such models, which produced standard deviations 
of 6°C–7°C, was first introduced by Nakaya (1953). This model was later modified by Parasnis 
(1971), Albright (1975), Perrier and Raiga-Clemenceau (1984), Holgate and Chopra (2005) and  
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served as the basis for the correction scheme presented in this paper. It should however be 
emphasized that empirical models are commonly locally optimized and should therefore be 
used with caution outside their respective areas of calibration (Aabø, 2015). As regional geology 
can affect both the cooling and the thermal recovery of wellbores, empirical parameters that 
provide high quality SFT predictions in some areas can result in poor predictions elsewhere. 
Locally optimized empirical models (e.g., Ben Dhia, 1988; Waples and Ramly, 1995, 2001; Waples 
et al., 2004a, b; Pasquale et al., 2008) allow for identification of comparatively minor temperature 
fluctuations around the regional geothermal gradients. Reliable local models are typically 
developed in regions where DST derived temperatures are available for calibration. Inherently, 
these are the areas where such models are the least useful because the true SFT is already 
known. 

If multiple Tm measurements from successive logging runs are available, Line source 
correction schemes (Bullard, 1947; Lachenbruch and Brewer, 1959; Dowdle and Cobb, 1975; 
Kutasov, 1987; Kutasov et al., 1988) can be applied. Due to the requirement of three or more Tm 
measurements however, the models are only applicable to a fraction of available Tm data 
(Chapman et al., 1984; Deming, 1989; Ben Dhia, 1988). Practical work with line source models is 
also made difficult by the lack of information on input parameters such as duration of mud 
circulation (Deming, 1989). Although the circulation time during drilling can be calculated from 
the penetration rate, the post-drilling circulation time is almost always inaccessible. In the rare 
events that the circulation time is stated in driller reports or log headings, it is not specified 
whether it includes the primary drilling period, the post-drilling period, or both (Reiter and 
Jessop, 1985; Deming and Chapman, 1988; Hermanrud, 1988). The Horner Plot line source model 
is the most applied Tm correction in the exploration industry (Waples and Ramly, 2001; 
Andaverde et al., 2004; Schlumberger, 2015). Its accuracy is limited by simplifying assumptions 
made in its derivation (Deming, 1989). Moreover, the Horner correction was originally devised 
for inversion of fluid pressure data (Horner, 1951) and later suggested for application to 
temperature data (Dowdle and Cobb, 1975). And so, it is inherently based on the assumption 
that temperature and pressure buildup processes in wellbores are analogous (Aabø, 2015). 

More advanced correction schemes (e.g., Middleton, 1979, 1982; Leblanc et al., 1982; Lee, 1982; 
Luheshi, 1983; Shen and Beck, 1986; Cao et al., 1988a, b; Nielsen et al., 1990; Ascencio et al., 1994; 
Kabir et al., 1997; Lee et al., 2003; Kutasov and Eppelbaum, 2005; Eppelbaum and Kutasov, 2011; 
Luijendijk et al., 2011; Tekin and Akin 2011; Poulsen et al., 2012) use analytical or numerical 
methods to describe the physical processes involved. Such modeling enables simulation of the 
circulation and recovery periods and the effects of loss or gain of drilling fluids, as well as the 
consequences of contrasting density, specific heat capacity, and thermal conductivity between 
the borehole fluid and the formation. Combined with inversion schemes (e.g., Cao et al.,1988a, 
b; Nielsen et al., 1990; Poulsen et al., 2012), these approaches further allow for propagating 
uncertainties in model parameters and measured temperature data to error estimates on the 
SFT prediction. Similar to that of line source corrections schemes, real-life application of the 
advanced methods is made difficult by the requirement of parameters, which may not be easily 
available (Deming, 1989; Hermanrud and Shen, 1989; Hermanrud et al., 1990; Andaverde et al., 
2004). Some authors have suggested that unknown or poorly known input parameters can be 
determined by searching for the parameter combination that gives the least average difference 
between the modeled SFT and DST temperatures (nonlinear parameter optimization) (Cao et 
al., 1988a, b; Nielsen et al., 1990; Poulsen et al., 2012). 
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Line source and advanced models, herby collectively referred to as physical models, are rarely 
tested on large data sets that allow for error analyses. Notable exceptions from the latter 
include Hermanrud, 1988; Hermanrud and Shen, 1989; Hermanrud et al., 1990; Nielsen et al., 
1990; Luijendijk et al., 2011. To date, no Tm correction scheme (empirical or physical) has been 
proven globally applicable in the sense that it has been verified toward worldwide ground truth 
data (e.g., DST-derived temperatures). 

There is a need for (empirical) models that enable estimation of SFTs in areas where local 
calibrations do not exist. Such models should account for the different geological and 
operational conditions that influence the thermal state of the subsurface. Candidates for such 
conditions include lost or gained circulation, measured depth, surface temperature, water 
depth, geothermal gradient and lithology. Here we examine which of these factors should be 
included in empirical correction schemes.   

3. Empirical parameter considerations 

Lost or gained circulation has a demonstrated effect on the thermal state of boreholes. The 
impact on borehole geothermics of overpressure differences between the drilling mud and the 
formation has been addressed by Shen and Beck (1986), Cao et al. (1988b), and Poulsen et al. 
(2012). According to Cao et al., (1988b), comparatively small (centimeters/hour) flow rates are 
sufficient to perturb the temperatures in the formation. Poulsen et al. (2012) showed that the 
effects of fluid invasion on Tm decrease over time and that a strong coupling exists between 
Tm and the mud filtrate temperatures in situations with mud invasion into the formation. At 
most well sites however, the flow rates into or out of the rocks close to the thermometers are 
(largely) unknown. 

At shallow well depths (less than 500m below seabed) the mud column and associated Tm 
measurements can be higher than the SFT (Förster and Merriam, 1995, p. 53; Aabø, 2015). 
Normally, however, the logged temperature is lower than the SFT because of the cooling effect 
of the circulating drilling mud (Hermanrud, 1988; Nagihara and Smith, 2006). The total well depth 
may also influence the effective cooling at shallower depths because large casing diameters 
extend deeper for deep wells than for shallow wells. Large borehole diameters increase the 
contact area between the mud and the adjacent formation and thus increase the cooling 
potential. Arguably, there is a linkage between formation cooling and measured depth, and this 
parameter has been included in several published correction schemes, either by the inclusion 
of a depth-dependent correction term (as suggested by Andrews-Speed et al., 1984) or 
indirectly by parameter optimization. However, it has not yet been demonstrated that this 
improves SFT estimations. 

High surface temperatures result in high mud temperatures onshore and in shallow-water 
areas. Elevated surface temperatures also lead to increased SFTs with burial depth since the 
downhole temperature can be approximated as the surface temperature plus the product of 
the burial depth and the geothermal gradient. The discrepancy between the mud temperatures 
and the SFT, which influences the rate of cooling of the borehole, should however not differ as 
a function of surface temperature. Correction schemes for SFT prediction should therefore not 
include surface temperatures. 
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Deep water drilling often involves large columns of circulating mud in the riser as well as in the 
drill string. Fluids in uninsulated risers will be subject to cooling, assuming that the circulating 
fluid is hotter than the surrounding water (typical for intermediate to deep boreholes). The 
temperature difference between descending mud and the seabed is somewhere between 30°C 
and 0°C at the onset of mud circulation (offshore rig temperature minus seabed temperature). 
This is not significantly larger than the typical offshore rig–floor temperature variations in the 
study area. Mud pit (surface) temperature variations also occur because of mud pit switching 
(cooling), prolonged circulation in deep boreholes (heating), and seasonal temperature 
fluctuations. Such events are rarely documented. The effective cooling and/or heating of 
boreholes are therefore expected to vary between regions with different water depths. 
However, these temperature differences are presumably not larger than the mud temperature 
variations of other origins. It is therefore unclear how and when the water depth should be 
included in Tm correction schemes. We are not aware of correction models that include water 
depths and that have been calibrated toward a data set with substantial water-depth 
variations. 

Large geothermal gradients cause increased temperature differences between the circulating 
mud and the adjacent rock. Therefore, the potential for cooling increases with burial depth and 
the depth-dependent cooling is expected to increase in regions with high geothermal 
gradients. It is, however, problematic to determine a relationship between cooling and 
geothermal gradients because both parameters may be unknown. The presumed relationship 
between Tm corrections and geothermal gradients justifies development of local calibration 
procedures wherever data for such calibrations are accessible. 

The heat capacity and thermal conductivity of the adjacent rock, which are specific to the 
lithology, influences both the cooling and the thermal recovery of boreholes. These parameters 
are not included in empirical correction models but serve as input parameters in some physical 
models. In many instances, the lack of knowledge about them propagates into uncertainty on 
the SFT estimate. Unless the model is fully three-dimensional, one will also have the challenge 
of determining what sections of the borehole are of relevance for temperature change from 
the (predrilling) SFT to Tm. 

4. Development of a New Temperature Correction Model 

515 Tm and thermal relaxation time pairs were collected from a total of 74 exploration wells in 
eight hydrocarbon fields located on the Norwegian continental shelf (Figure 2). These 
measurements were supplemented by temperature logs (LWD) from 10 of the exploration 
wells and local DST-derived temperatures, which were used for ground truthing.   

Exponential models can be expressed in the general form  

      (1) 

Or 

      (2)  
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where Tm is the temperature measured during wire-line logging, and t is the thermal relaxation 
time. The cooling term (A) describes the cooling from mud circulation, the time decay term      
(e−(t/B)) expresses the exponential dependence of Tm on thermal relaxation time, and the 
constant term (C) compensates for the underestimations of calculated SFTs that are typical for 
most empirical models (Hermanrud, 1988). 
From this starting point, the cooling term, the time decay term, and the constant term were 
determined through a nonlinear parameter optimization. This was done by searching for the 
parameters that resulted in a minimum error between the SFTs calculated from Tm data and the 
ground truth SFT data from DST temperatures. The optimization was performed by 
progressively changing the individual parameters until the fit between the modeled and the 
ground truth temperatures did not further improve. Depth-dependent cooling was evaluated 
by comparing the temperature trend of the LWD temperature logs and the geothermal 
gradient determined by DST data. The DST data follow a gradient of 38°C/km (Figure 3A), 
whereas the temperature log data show a fairly linear gradient of 27°C/km (Figure 3B).  

 

 

Figure 3 (Above): (A) Drill-stem test (DST) temperature data versus maximum 
burial depth. Each data point represents a field average of DST-derived temper-
atures recorded in 1–18 different wells, converted to a common reference 
depth. Values within each well were obtained by averaging the measurements 
from several crystal gauge sensors in one to six DSTs. The error within each field 
measurement is 1°C–2°C. (B) Mud temperatures (logging while drilling tempera-
tures) versus maximum burial depth. Each data point represents a temperature 
average of 50 m or larger interval (measured depth) where fluctuations in rec-
orded mud temperatures are insignificant. Figure 3 from Aabø and Hermanrud, 
2019. AAPG ©2019. Reprinted by permission of the AAPG whose permission is 
required for further use. 
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In combination, the two charts in Figure 3 describe a cooling gradient of 11°C/km. The 
formation cooling caused by fluid circulation is, however, assumed to be somewhat larger 
because the mud temperatures were measured at the end of drilling as opposed to at the end 
of the circulation period. 
Best-fit values were obtained by: 

    (3) 
 
Where Tm is the temperature measured during wire-line logging in degrees Celsius, t is the 
thermal relaxation time in hours, z is measured depth in kilometers, and 8 is an empirical 
constant. 
 
The best-fit cooling gradient, 14°C/km (41°F/mi), is approximately 37% of the DST-derived 
geothermal gradient. The equation can therefore also be expressed as: 

  (4) 
 
where GGR is geothermal gradient in degrees Celsius per kilometer. 
The error distribution of all calculated SFTs predicted by equation 3 is independent of thermal 
relaxation times and maximum burial depth (Figure 4A, B), demonstrating that the model 
satisfactorily accounts for variations in these parameters. All measurements recorded above 
500m, however, lead to overestimates of the SFT. 
 
The resulting SFT estimates were not further improved by accounting for mud temperature 
variations, temperature differences between inflowing and outflowing mud (as possible 
indicators of local fluid flow into or out of formations) or water depth fluctuations. No 
systematic relationship between error distributions and lithology was observed.   
 
Filtering of data by removing Tm measurements from shallow measured depths, large borehole 
diameters (>44 cm), short thermal relaxation times (<6 hours) or combinations of these did not 
significantly improve the SFT predictions (i.e., they did not come closer to the DST-derived 
temperatures). Furthermore, results did not improve significantly when data with systematic 
errors of unknown magnitude (such as two different times after circulation for the same 
Tvalue) were removed. A full error analysis and supporting data is available in Aabø and 
Hermanrud (2019). 
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Equation 3 was developed to reflect the average corrections versus maximum burial depth that 
were required for all eight fields in combination. The average error in SFTs calculated from 
equation 3 relative to DST temperatures is −0.8°C, with a standard deviation of 8.4°C for the 
entire Tm dataset. This averaging however masks differences among fields (Table 1). 
Overestimations of SFTs occurred in Statoil-operated fields (Gullfaks, Kvitebjørn, Smørbukk, 
and Sleipner), whereas underestimations of SFTs occurred in fields operated by Shell and 
Norsk Hydro (Troll, Ormen Lange, and Oseberg). The Snorre field, operated by Saga Petroleum, 
fell between these classes. These observations suggest that errors in predicted SFTs largely 
vary because of different circulation practices on the drilling rigs, possibly combined with influx 
of fluids from fractures in highly overpessured tight rocks.  

Figure 4 (Above): Error distributions of equation 3 in degrees Celsius (static 
formation temperature predictions minus drill-stem test temperatures). (A) 
Error versus time after ceased circulation. (B) Error versus maximum burial 
depth. Figure 4 from Aabø and Hermanrud, 2019. AAPG ©2019. Reprinted 
by permission of the AAPG whose permission is required for further use. 
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Results from equation 3 compare favorably with the results from other correction schemes 
that were tested on the Norwegian data set. These models yield SFT predictions that are 3°C–
30°C too low, with standard deviations of 11°C–14°C (Figure 5). The Horner plot SFT estimates 
were on average 12°C lower than corresponding DST temperatures, with a standard deviation 
of 7.5°C. This result is broadly consistent with the works of Luheshi (1983), Shen and Beck 
(1986), Hermanrud et al. (1990), and Nielsen et al. (1990). A separate analysis of the 12 Horner 
plot series that had a correlation coefficient of 0.99 or better gave an average underestimate of 
14.5°C with a standard deviation of 11.7°C. These series were also modeled with the procedure 
of Waples and Pedersen (2004), with a resulting overestimate of 4.1°C and also  with a standard 
deviation of 11.7°C. These numbers are significantly worse than the zero average error and 
standard deviation of 2.1°C quoted in the original paper (Waples and Pedersen, 2004). The 
large difference between the two Horner plot analyses as well as the analyses with the Waples 
and Pedersen (2004) procedure are, however, consistent with the inferences made in the 
previous paragraph that individual data sets from nearby areas can result in highly different 
prediction errors. Thus, the data present a larger problem than the models. 

Table 1 (Above):  Average Error in Computed Static Formation Temperature 
for Each Field, from Equation 3, with Standard Deviation. Abbreviations: N = 
number of calculated static formation temperatures; STDEV =standard devia-
tion. Table 1 from Aabø and Hermanrud, 2019. AAPG ©2019. Reprinted by 
permission of the AAPG whose permission is required for further use. 
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Figure 5 (Above):  95% confidence intervals for errors (static formation temperature 
[SFT ] predictions minus drill-stem test temperature) of predicted SFTs by some correc-
tion models based on single temperature measured during wire-line logging (Tm) values. 
Confidence intervals have been computed for the mean error in each field. The confi-
dence interval is close to the average ± 2 standard deviations of the mean (σmean), 
where σmean=σ/√N. σ is the standard deviation of the sampled errors and N is the num-
ber of Tm (and thus error) measurements in each field.  For reference, the figure also 
shows the errors in SFT estimates obtained from adding 20%, 30%, and 25°C (77°F) to 
each Tm value. Asterisks indicate the following: one asterisk, with parameters from Fertl 
et al. (1986); two asterisks, with Horner slope from the Anschutz Ranch Cave (Deming, 
1989); three asterisks, using third-order polynomial and average correction factors given 
by Deming (1989); and four asterisks, with slope graphically extracted from figure 2 
(right) of Lachenbruch et al. (1987). Figure 4 from Aabø and Hermanrud, 2019. AAPG 
©2019. Reprinted by permission of the AAPG whose permission is required for further 
use. 
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The present model outperforms the other correction schemes because its parameters were 
calibrated to the test dataset; this was not the case for the other models. Therefore, the 
improved results say little about how our model would perform outside the calibration data set 
but highlights the fact that extrapolation of Tm prediction models outside their calibration area 
can result in significant errors.  
 
5. Practical Implications and Conclusions 
The main uncertainty in the SFT predictions from equation 3 stem from inaccurate knowledge 
of the borehole cooling. This input information is required by all physical correction schemes. 
Inadequate descriptions of borehole cooling also influence the empirical models, as the 
unreported circulation information affects the measured temperature, Tm. The main 
uncertainty of SFT predictions is thus caused by a general lack of knowledge and not by a 
feature of the individual SFT correction scheme. 
Another significant uncertainty arises if equation 3 or equation 4 is applied outside the 
calibration area. The errors in calculated SFTs presumably differ among fields because of 
different circulation practices. Such practices probably also differ between areas, with the 
consequence that uncalibrated SFTs are likely to be biased as well as inaccurate. 
 
The inaccuracies of SFTs calculated from current Tm data can best be reduced by the following: 
a.     Application of locally calibrated models, such as equation 3 for the North Sea and the 

Norwegian Sea. Such models should be calibrated to several hydrocarbon fields, preferably 
with different operators. 

b.     Correction of all available Tm recordings, irrespective of the number of measurements at 
a given depth. 

c.     Application of equation 4 to each single Tm if no field-specific correction model exists (also 
as a substitution for Horner plots in cases when three or more temperatures were recorded 
at the same depth). 

d.     Favoring deep instead of shallow data. This approach is justified even where the errors 
increase with maximum burial depth as this increase (Tm °C/km) is smaller than the 
geothermal gradient. 

 
We infer that the errors in predicted SFTs are largely caused by unreported circulation and 
different mud circulation practices. Both sources of errors can be reduced in future wells. To 
achieve higher-quality SFT predictions in the future we suggest the following steps: 
a.     Meticulous reporting of all circulation periods. 

b.     Dissemination and application of a numerical tool that enables computation of multiple 
cooling and heating sequences of boreholes, such as the models of Nielsen et al. (1990) or 
Poulsen et al. (2012), which can represent information on mud flow velocity for the entire 
drilling period and account for multiple thermal relaxation periods. In any case, future 
models (empirical and physical) need to be verified against a global data set in which 
individual circulation periods are reported meticulously to deserve status as truly globally 
applicable models. 

c.     Establish relationships between circulation histories (including mud flow velocity) and SFT 
prediction errors. 
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Practical work with wireline temperature measurements should include all available Tm data. 
We suggest that locally calibrated empirical models based on correction of single Tm 
measurements will perform at least as well as physical models that require three or more Tm 
measurements because the former are applicable to significantly larger data sets. 

Because of the large data-related prediction errors, even large amounts of Tm data do not 
guarantee accurate estimates of SFTs. Consequently, reliable SFT predictions cannot be 
obtained from Tm data. This statement applies, regardless of how the Tm data are corrected, 
unless the models have been locally calibrated and high predictability has been documented. 
Large uncertainties (standard deviations of at least 10°C) should be anticipated when SFTs 
estimated from Tm data are applied in thermal modeling unless local validation has 
demonstrated a higher accuracy. 
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