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Outline 
• History and theory of electrical resistivity methods 

• Effects of stress release on formation factor, and in-situ 
measurements by electrical resistivity methods 

• Strengthening the in-situ methods by laboratory methods, 
including electromigratory tracer methods 

• Possibilities of complementary studies on pore water salinity 

• Results at HYRL  

 

 

 

 



History and theory of electrical resistivity 
methods 

• Einstein (1905) stated the relation between diffusivity and 
ionic mobility of ions in liquid 

 

 

 

 

D = diffusivity, µ = ionic mobility, R = gas constant,  
 
T = temperature (K), z = charge number, F = Faraday’s constant 
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History and theory of electrical resistivity 
methods 

• In handbooks from the 40’s (e.g. Birch et al., 1942) it is stated 
that the electrical resistivity of (presumably sedimentary) 
rocks and soils is due to electrolytic conduction, and not 
electron conduction in solid minerals. 

• Archie (1942) stated that the proportionality factor between 
the resistivity of a porous medium R0 (r) and of a brine 
solution Rw (w) which it is saturated with is the “formation 
resistivity factor” F (=1/Ff).  

 

• Here porous media means, sand or high porosity 
sedimentary rock  (suitable for oilfields, porosity > 5%). 

 

 

 

•   

• First application of this relation in porous (sedimentary) rock 
(Klinkenberg 1951) 

 

                               

 



History and theory of electrical resistivity 
methods 

• Incidentally, the title of Archie 1942 is  

“The electrical resistivity log as an aid to determining some 
reservoir characteristics”                    

 



History and theory of electrical resistivity 
methods 

• In the early 50’s (Klinkenberg 1951) applied the Einstein 
relation in porous (sedimentary) rock 

 

 

 

 

• As can be seen, f/L equals the reciprocal of the Archie 
formation resistivity factor F (eq. 2),  and equals what we in 
our scientific field calls the formation factor Ff (eq. 1), where:                   

 

Dr = diffusivity of rock, Dl = diffusivity of pore water,  

f = porosity, L = lithologic factor,  

Kr = electrical conductivity of rock,  

Kl = electrical conductivity of pore water 

t = transport porosity, 2 = tortuosity,  

D = constictivity 



History and theory of electrical resistivity 
methods 

• In the late 50’s it has been identified that in low-porous rock 
and at low salinities, the proportionality constant between 
rock conductivity and pore water conductivity was not well 
described by a geometric factor of the porous system (in the 
same sense as (De = Ff*Dw). 

• This was explained as a consequence of surface conduction 
(e.g. Madden and Marshall, 1959). 

 

                               

 



Surface conduction in negatively charged 
capillary (analogue to pore) 

𝑟 = 𝑝 + 𝑠 = 𝐹𝑓𝑤 + 𝑠 

𝑟 = 𝐹𝑓
𝑎𝑝𝑝𝑤 
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History and theory of electrical resistivity 
methods - Effects of stress release on 

formation factor 
• In the 60’s it was Brace and co-workers divided the rock 

conductivity contribution into conduction in pores, in crack 
porosity, as well as surface conductivity. This was done for 
low-porous crystalline rock (granite etc.).  

• Furthermore it was identified that the electrical resistivity of 
low porous crystalline rock was affected by the pressure 
(Brace et a. 1965, Brace and Orange 1967).  

 

 

 

 

• First application of this relation in porous (sedimentary) rock 
(Klinkenberg 1951) 

 

                               

 



 



Effects of stress release on formation 
factor 

• In the early 80’s matrix diffusion in crystalline rock was 
identified to be of great importance for retention of 
radionuclides escaping from a repository of radioactive waste 
(e.g. Neretnieks 1980).  

• A number of matrix diffusivity measurements were 
performed in the laboratory on crystalline rock, primarily by 
through-diffusion experiments. 

• The results of Brace and co-workers on changes in rock 
resistivity with pressure were noted. It was postulated that 
laboratory data on the effective diffusivity may be 
overestimated, which is non-conservative in the light of 
radionuclide transport. 

 

 

                               

 



• Therefore, through-
diffusion experiments 
were performed on re-
stressed samples 
(Skagius and 
Neretnieks, 1986) 

 

 

                               

 



• Stationary 
breakthrough curve 
when changing the 
pressure to 330 bar, 
showing a decrease in 
effective diffusivity 
when pressure 
increases  

 

 

                               

 



• Also, the formation 
factor was measured 
by electrical methods 
at different pressures. 

 

 

                               

 



• In the SKB site investigations for the KBS-3 
repository, and also for SFR, the rock resistivity has 
been logged in-situ by a downhole tool. 

• In addition, by extracting pore water from drill core 
samples, the electrical conductivity of the pore 
water has been estimated. 

• Furthermore, the electrical conductivity of freely 
flowing groundwater has been measured. 

 

 

 

 

 

In-situ measurements  
by electrical resistivity methods 



• To account for disturbances from water-bearing 
fractures, resistivity data obtained at, or close to, a 
fracture (detected in the drill core mapping) are 
sorted out. 

• Finally, estimates of the surface conductivity of site 
specific rock (mostly from Oskarshamn) has been 
made.  

 

 

 

 

 

In-situ measurements  
by electrical resistivity methods 



In-situ rock resistivity log 



Pore water electrical conductivity 
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Formation factor distribution – in-situ, Forsmark 

TR-10-52, p 382 

De = Ff * 10-9 m2/s ; µ = 10-(4.7+9)=10-13.7 = 1.9E-14 m2/s 



Formation factor distribution – lab, Forsmark 

TR-10-52, p 383 

De ; µ = 10-12.6 = 2.5E-13 m2/s 



SR-Site Forsmark/Sweden 
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• The in-situ rock resistivity tool uses AC,  

     often of relatively high frequency. 

 

 

 

• When using AC, ions in the pore water vibrate, rather than 
being transported through the rock. Therefore, one can 
question to what extent the analogy is valid.  

• Up until the mid 00’s, comparisons of formation factors 
obtained by through-diffusion experiments and resistivity 
measurements had only been made using AC  

 

 

Strengthening the in-situ methods by 
laboratory methods, including 

electromigratory tracer methods 
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Strengthening the in-situ methods by 
laboratory methods 

• To remedy this, a DC devise were made, where ions (given 
long enough measurements) would electromigrate through 
the rock (Löfgren and Neretnieks). 

• After having constructed the DC devise, it was considered 
that the experiment would be given more weight if one could 
achieve propagation of tracers through the rock sample.  

• This resulted in the through-electromigration (TEM) method, 
where ionic tracers electromigrate through a rock slice with 
an electrical potential gradient as the driving force. 

• Up until now, the anionic tracer iodide has been used at 
KTH/Stockholm, NRI/Prague, and now HYRL/Helsinki 

 

 

 



Strengthening the in-situ methods by 
laboratory methods 

 

 

 

 

 

 



TEM results – NRI/Prague 

From the breakthrough curve De can be obtained.  
Also, as the rock resistivity is measured, Ff can be obtained 



Strengthening the in-situ methods by 
laboratory methods 

• In addition, the influence of AC frequency has been studied 

• Furthermore, the surface conductivity has been studied. 
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• There is a (seemingly) linear relation between r and w, with 
the formation factor and surface conductivity as slope and 
intercept. 

• 𝑟 = 𝐹𝑓𝑤 + 𝑠 

• The idea is to saturate the same rock sample with 
electrolytes of different w and measure its resulting r  

 

 

Possibilities of complementary studies on 
pore water salinity 



 

 

 

 

Possibilities of complementary studies on 
pore water salinity 



• If before doing this, one has measured the rock resistivity 
with the pristine pore water… 

 

 



• …electrical conductivity can be translated to salinity 

 

 



(Preliminary) results at HYRL  
 



Results at HYRL  
 



Results at HYRL  
 



Results at HYRL  
 



Results at HYRL  
 The effect of high AC frequencies seems to be more important at 

very low salinity waters than ”natural” groundwaters at depth. 



End 



Spare slides, not part of presentation 



Site investigation/theory 

• The electrical method is 
based on the Einstein relation 

                     

 

If non-charged matrix 

 

 

 

 De = Ff * 10-9 



Site investigations 
• In the relatively late 

planning phase of the site 
investigation, an in-situ 
method of the electrical 
method became available.  



Site investigations 
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Site investigations/SDM 

R-08-94, p265 



Site investigations/SDM 

P-08-48, p 327  



SR-Site 

Dw HTO = 10e-9 



SR-Site 



Through-electromigration 

 

 

 

 

 

 



Overview 

• Speeds up the tracer migration rate by 1,000 
times 

• Works with ionic tracers 

• Works also with ”normal” groundwater 
concentrations, not necessarily tracer 
concentrations 

• Radioactive tracers are not needed 

• Time not proportional to (sample length)2 

 

 

 

 

 



In-situ TEM 

• 1 cm in 1 h at 13 V potential drop 

• 100 cm in 1300 h at 100 V potential drop 

• Or  2 months 

 

 

 

 

 


