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ABSTRACT 
An experimental program was carried out to investigate the processes governing 
increased oil recovery obtained by low salinity water flooding. The program included the 
following experiments: core flooding where injected waters ionic strength and 
concentration of divalent ions were independently varied, Amott-Harvey wettability tests, 
NMR (Nuclear Magnetic Resonance) measurements, and CryoESEM (Cryogenic 
Environmental Scanning Electron Microscope) investigations. Berea sandstone was used 
as a ‘model rock’. Responses in the data from low salinity flooding experiments may be 
attributed to wettability changes, which were supported by wettability data and NMR 
diffusion-T2 measurements. CryoESEM imaging confirmed that the remaining oil is 
associated with kaolinite, carbonate cement and ‘snap-off’ droplets. It is concluded that 
the novel combination of NMR relaxation/diffusion measurements and CryoESEM 
imaging is a powerful and complementary tool for detecting wettability changes.  
 
INTRODUCTION  
Low salinity water flooding is a promising new enhanced oil recovery method. The 
potential of the method has been demonstrated in core flooding experiments as well as in 
field pilots [1, 2, 3, 4]. However, there are cases where low salinity water flooding has 
shown no potential for increased oil recovery [5, 6]. 
 
One of the hypothesis on how flooding with diluted water mobilizes residual oil is a 
change in wetting conditions towards a more water wet state. There have been several 
explanations for this apparent change in wettability: e.g., release of oil-wet clay particles 
to the pore fluids [1]; expansion of the electric double layer followed by removal of 
organo-metallic complexes and organic components due to ion exchange with 
uncomplexed cations when salinity decreases [2, 7]; desorption of oil attached to the pore 
surfaces due to expansion of the electric double layer [8]; and an increased pH close to 
the pore surface [9]. Vledder et al. [10] claim to have proven wettability alteration from 
oil-wet to water-wet on field scale. However, the understanding of the mechanisms of 
increased oil recovery by low salinity water flooding is still evolving. 
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The purpose of this study is to combine a variety of complementary experimental data in 
order to investigate the mechanisms governing increased oil recovery by low salinity 
water flooding.  
 
We investigate the apparent changes in wettability using a novel combination of NMR 
transverse relaxation (T2) and diffusion measurements and visualization of fluid 
distribution at pore scale by CryoESEM. Measurements of NMR relaxation, apparent 
diffusion coefficient (ADC), and combinations of these are widely used for the 
characterization of porous media and the distribution of fluids therein. The sensitivity of 
particularly the water T2 towards contact with the pore surface makes NMR an attractive 
tool in wettability analysis. Studies employing diffusion-T2 measurements, where the 
potentially overlapping oil and water T2 signals may be resolved in the diffusion 
dimension, have demonstrated the potential of this method for the evaluation of 
wettability changes [11, 12, 13]. Studies of fluid distribution at pore scale were 
previously performed by Cryo SEM [14, 15]. However, this technique requires a coating 
film on the sample surface to obtain electric conductivity, which is not required with the 
ESEM. The elemental distribution is analyzed by EDS X-ray analyses [16, 17].  
 
EXPERIMENTS 
Core flooding experiments are performed to investigate the effect of increased oil 
recovery by tertiary low salinity flooding (varying both the ionic strength and 
concentration of divalent ions). Complementary experiments are Amott/USBM 
wettability, NMR analyses and CryoESEM imaging.  
 
Rock Samples and Fluids  
Core plugs of Berea sandstone were used. Prior to experiments, they were cleaned in 
toluene and methanol. Petrography was based on SEM analyses of thin sections from end 
cuts of the plugs, see composition in Table 1. The grain size is varying from fine to 
medium sand. Quartz is the dominant mineral, while feldspars constitute a minor fraction 
of the sand. Remnants of dissolved feldspars indicate that they are the major source of the 
clay content in the rock. This can also explain the patchy distribution of the clay; 
particularly the kaolinite, which is the dominant clay mineral in the rock. Iron-bearing 
carbonate cement is also seen in the thin sections (Figure 5a). Two rock samples were 
selected to investigate the composition of clays confined in the pore system. The fine 
fraction (<4 µm) was separated out and analyzed on an X-ray diffractometer (Table 1). 
Besides the dominant kaolinite fraction, a rather high content of illite is measured. 
However, diagenetic (pore lining) illite and chlorite are not observed in the SEM images 
but are suggested to be part of the small clay clasts. He-porosity of the core plugs ranges 
from 18 to 21% and water permeability ranges from 133 to 302 mD (Table 4).  
 
Oil from a Norwegian offshore oil field (Table 3) was used for this study. The oil has 
been degassed, stabilized at 85oC and filtered through a 1.4 μm filter. The waters were 
prepared from distilled water and reagent grade chemicals (Table 2), and subsequently 
evacuated to remove dissolved gases.  
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Core Preparation 
Each core plug was initially saturated with SFW (Table 2). Initial water saturation was 
obtained by centrifuging, except for plug BE9, which was drained by porous plate. The 
core plugs were aged for three weeks at 85°C and ambient pressure (Table 4). 
 
Experiments 
Wettability  
The wettability of the systems rock/oil/SSW1 and rock/oil/LSW1 were measured by 
Amott Harvey/USBM wettability tests (Table 4). 
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Figure 1 Experimental setup of flooding experiments. 

 
Flooding Experiments 
Figure 1 shows the experimental setup for the flooding experiments. The temperature was 
60°C, sleeve pressure 60 bar, and the back-pressure 20 bar. Conductivity was measured 
directly in the flow line behind the back pressure (BP) valve, and pH was measured in 
effluent samples collected in test tubes in a carrousel. Samples were capped immediately 
to avoid pH change from evaporation and contact with air. 
 
Flooding of core BE9 was performed by injecting SSW1 at 16 ml/h. One-phase 
experiments showed no clay production at this rate. The next floodings were SSW2, 
LSW1, LSW2, LSW3 and LSW4. After flooding, the core was frozen for CryoESEM 
analysis. Differential pressure (DP) and conductivity were recorded continuously, and the 
effluents were monitored in a sample collector. The conductivity measured here is not 
measured using a standard but shows the relative conductivity in each floodings. These 
measurements were used to monitor the displacement of the various salinity waters.  
 
The core studied by NMR (BE6) was flooded by SSW1, LSW1, LSW2 and LSW4. 
Between each flooding the core was dismounted and analyzed by NMR. In this core and 
the ones used for CryoESEM (BE1 to BE5) the flooding rate was 8 ml/h. CryoESEM is a 
destructive method and five parallel cores were flooded in the same sequence used for the 
NMR study but stopped at the following stages: Swi, aging, SSW1, LSW1 and LSW2. 
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NMR Experiments 
Each step in the flooding sequence of BE6 was followed by NMR analyses: 
measurements of T2, diffusion, and diffusion-T2 correlation (D-T2). The NMR system 
comprises a Maran DRX 12 MHz spectrometer (at 30°C), equipped with a gradient coil 
delivering up to 225 G/cm. The D-T2 measurements were conducted by combining the 
bipolar Pulsed Field Gradient Spin Echo (PFGSE) method [18] and the Carr-Purcell-
Meiboom-Gill (CPMG) experiment [19, 20, 21]. In the CPMG part of the sequence a 
=150 µs was used, the combined PFGSE-CPMG experiment the gradient pulse length 
was set to 2.4 ms, and the eddy current delay to 0.4 ms. With these settings the transient 
magnetic fields following the gradient pulses had no significant effect on the echo 
attenuation. A time interval of 0.1 ms was used between the initial /2 pulse and the 
following gradient pulse, giving a ' value of 2.9 ms in the PFGSE part of the sequence, 
and a total time of 11.6 (= 4 times ') ms before the start of the CPMG measurement. 
 
CryoESEM imaging 
The core samples were frozen in liquid nitrogen immediately after dismounting from the 
core holders. The cores were disintegrated into several sample chips and trimmed in 
frozen condition to approximately 1cm3 to fit the cryo sample holder. In the cryo 
chamber, the samples were split (freeze fractured) under vacuum conditions to avoid ice 
crystal growth. Analyses were performed at cryo holder temperatures below -100°C. 
 
RESULTS 
Wettability 
The changes in remaining oil after spontaneous imbibition in sea water (SSW1) and low 
salinity water (LSW1) are given in Table 4. The two plugs exposed to the low salinity 
water imbibed most water and show the highest Amott Wettability Indices. This is in line 
with published hypotheses and results [1, 2, 8].  
 
Flooding 
The SSW1 flooding of all plugs gave a remaining oil saturation ranging from 0.28 to 0.41 
(Table 4). The subsequent floodings with LSW1, LSW2, LSW3 and LSW4 gave a 
reduction in remaining oil saturation of 0-3%. Despite no extra oil recovery from some of 
the core plugs, there were responses in DP, ion concentration and pH (Figure 3). For 
LSW4, a significant DP increase was observed only in the long core, the short cores had 
minor DP increase and decrease. Clay minerals were not observed in the effluents.  
 
Flooding data of BE9 
SSW1 flood: The DP and production data from the SSW1 flooding were history matched. 
See match in the SSW1 part of Figure 3a and estimated functions in Figure 2.  
SSW2 flood: SSW2 was injected to study the effect of exchanging divalent with mono-
valent ions. Ion analysis of the effluent water shows a gradual decrease in divalent 
cations. The pH increases correspondingly. There is a DP declined due to an unfortunate 
pump stop. The DP did not resume the previous level. 
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LSW1 flood: DP increases while SSW2 is replaced by LSW1 and stabilizes. Fluid 
replacement is also observed in conductivity data. The concentration of Ca2+ and Mg2+ 
drops far below the LSW1 concentration (i.e., a salinity shock) and pH increases.   
LSW4 flood: DP increases with low ionic strength in injected water and high pH. 
 
NMR Measurements 
NMR T2 relaxation distributions of BE6 at each stage are shown in Figure 4. The T2 
distribution at 100% water saturation is included in all the subplots for reference, and the 
D-T2 contour plots are overlain their respective T2 distributions. For the two first stages 
(at Swi) only the oil signal is visible in the D-T2 plots. This is due to the experimental 
setup for the diffusion measurements, which includes a limitation with respect to 
detecting the fastest relaxing components, i.e. clay bound water. However, these signals 
are seen in the CPMG relaxation distribution.  
 
Before and after Ageing: The three peaks constituting the oil signal at Swi before ageing 
(Figure 4a) appear similar to the bulk oil response, as expected for a water wet state. The 
broad range in the ADC and T2 relaxation corresponds to the complex composition of the 
crude oil. After ageing, the main peak in the T2 distribution shifts towards slightly shorter 
T2 value, and a similar small shift is seen for the three oil peaks in the D-T2 plot, 
indicating some surface relaxation of the oil.  
SSW1 flood: After the SSW1 flooding, the water signal appears in the D-T2 plot at an 
ADC around that of bulk water, at 2.9x10-9 m2/s. The water peak extends to higher T2 
values than the one at 100% water saturation, indicating less contact with the rock 
surface. This is confirmed by the T2 distribution, which also shows a small amount of 
water relaxing as bulk water, manifested by a peak at 1-3 seconds (Figure 4c). The longer 
T2 suggests that the less water-wet state obtained after ageing was, at least partly, 
preserved during the SSW1 flooding. The oil signal was significantly reduced after SSW1 
flooding and the peaks shifted to shorter T2 values. With the lower oil signal the 
uncertainty in the ADC increased. The leftmost oil peak is on the detection limit.  
LSW1 flood: After the LSW1 flooding, the peak at 1-3 seconds disappeared on the T2 
distribution (Figure 4d), indicating increased water surface relaxation, which means a 
stronger water-wet behaviour. This is confirmed by D-T2, where the water signal has 
moved to shorter relaxation times. Furthermore, the water peak extends towards the oil 
peaks; i.e. with ADCs slower than the main peak. These features were maintained in the 
subsequent floodings. The rightmost oil peak extends towards faster ADCs and longer T2 
times compared to what is seen in Figure 4c.  
LSW2 flood: The LSW2 flooding brought back the slow relaxing peak at 1-3 seconds, 
seen both in the T2 distribution and in the D-T2 plot (Figure 4e). Also, the bulk of the 
water signal shifted to slightly higher T2 value. The flooding was not accompanied by 
any saturation change. 
LSW4 flood: Finally, the LSW4 flooding resulted in similar changes in the water 
response as after the LSW1 flooding. The water peak at 1-3 seconds was reduced and the 
main water peak shifted to shorter relaxation times, indicating increased water surface 
relaxation; i.e., a more water-wet state (Figure 4f). 
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The NMR experiment was repeated on a new plug, with similar trends in T2 relaxation.  
 
CryoESEM Imaging  
CryoESEM imaging was carried out to visualize the fluid distribution in the pore system 
after flooding with SSW1, LSW1 and LSW2. An overview of the complex distribution of 
oil and water in the pore system of BE5 after LSW2 flooding is shown in Figure 5b. 
Residual oil is found both as ‘snap-off’ droplets and as oil blobs associated with mineral 
surfaces (Figures 5b and c). A substantial amount of oil is associated with clays, mainly 
kaolinite, and iron-rich carbonate cement (Figures 5b, d and f). The CryoESEM images 
of BE3 to BE5 do not show any significant differences in fluid distribution and saturation 
between the floodings with SSW1, LSW1 and LSW2. The CryoESEM images of BE9 
show more oil as ‘snap-off’ droplets compared to BE5 (Figure 5b and c). 
 
A quantitative image analysis of saturation requires flat, polished surfaces that represent 
an elementary volume of the rock. Such surfaces are difficult to obtain with the existing 
preparation technique. However, a semi quantitative image analysis can be done on 
samples having minor topography. Oil and water areas are identified, and the oil 
saturation is calculated by So=ΣAreaoil/ΣAreaoil+water. The oil saturations calculated from 
CryoESEM are in line with the oil gradient estimated from BE9 flooding data (estimated 
saturations are So=0.24 at inlet and So=0.44 at outlet). 
 
DISCUSSION 
The cores responded to low salinity waters, both in DP, ion concentration and pH. Since 
no clay minerals were observed in the effluent, the change in DP may be explained by 
changes in rock-fluid or fluid-fluid interactions due to processes initiated by low salinity 
waters, e.g. a wettability change towards more water wet (a sensitivity study shows that a 
10% decrease in water relative permeability matches the pressure response in LSW1).  
 
The pH responses show that chemical reactions take place when low salinity water 
replaces the higher salinity water in the core. For LSW1 it seems to be a cation exchange, 
i.e., the very low ion concentration (shock) and corresponding high pH may be due to the 
chromatographic effect.   
 
However, the reduction in oil saturation by low salinity waters was very small for this 
batch of Berea samples. Both the capillary end effect and the lower rate (compared to the 
long core) can explain the higher remaining oil saturation in the short cores. 
Consequently, the short cores had more mobile oil and showed some response to low 
salinity waters. The lack of response in the long core may be due to insufficient mobile 
oil or that low salinity flooding is not an effective method for the state of this 
rock/oil/water system. Oxidation of the Berea has also been suggested as a cause [22].  
 
Parallel to the flooding program, studies on NMR and CryoESEM were ongoing to 
validate subtle variations in wettability. It is suggested that the changes in the NMR 
diffusion coefficients after low salinity floodings reflect the partitioning of polar oil 
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components into the low salinity water phases. Furthermore, it is suggested that these 
components are associated with the apparent wettability changes, due to interaction with 
clay minerals in particular. The water-oil interaction may influence on the NMR 
responses for both oil and water. The wettability changes (inferred from NMR data) may 
well be due to adsorption/desorption processes, where metal-organic complexes and 
positively charged organic components are interacting with clay mineral surfaces.  
 
The CryoESEM images of BE5 after flooding with SSW1 and LSW2 show a higher 
amount of oil associated with kaolinite compared to BE9. In BE5 oil is filling small pores 
within the clay, which would have too high capillary entry pressure for the oil to enter if 
they were water-wet. Since the Swi=0.08 for BE5 and Swi=0.15 for BE9, the different 
methods to establish Swi may have caused more oil to contact the rock/clay surface in 
BE5 compared to BE9. Hence, this clay-bound oil may have been mobilized.  
 
CONCLUSIONS  
 Wettability tests of Berea indicate stronger water wetness with low salinity water.  
 NMR diffusion and T2 observations indicate an apparent wettability change after low 

salinity water flooding. Diffusion measurements suggest that polar oil components are 
partitioning from the oil into the water.   

 CryoESEM analyses show the fluid distribution in the pore system, and indicate the 
wetting properties of the different mineral surfaces. A majority of the residual oil is 
found as ‘snap-off’ droplets and associated with clay and carbonate cement.  

 Clay minerals are not observed in the effluents, however, flooding of water with low 
ionic strength and high pH may give an increase in DP. 

 The combined use of flooding data, NMR and CryoESEM is regarded as a powerful 
tool for investigating low salinity flooding effects on core material.  
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TABLES AND FIGURES 
 
Table 1 Semi-quantitative X-ray diffraction analysis: Left: Bulk (average of six Berea samples and thin 
section/SEM). Right: Fine fraction < 4μm (average of two Berea samples). 

Sample Quartz Kfsp+Carb Clays Fe-Carb IA Poro

Berea 68.1 3.4 11 0.3 17.2  

Sample Quartz Kfsp Chl Kaol Ill ML Carb

Berea 5.2 2.3 3.2 59.6 26.7 2.4 0.5  
Kfsp=K-feldspar; Chl=Chlorite; Kaol=Kaolinite; Ill=Illite; ML=Mixed Layer Clay; Fe=Iron; Carb=Carbonate; IA=Image Analysis. 
 

Table 2 ID and composition and waters. 
Water 

ID
Type of water ppm TDS

Ionic 
strength

Divalent 
ions

SFW Synthetic formation water 64 568.0 1.156 3.7 %
SSW1 Synthetic sea water 34 822.0 0.690 4.9 %
SSW2 Synthetic sea water, no divalent ions 40 398.0 0.691 0.0 %
LSW1 Diluted SSW1 2 089.0 0.041 4.9 %
LSW2 Diluted SSW1 348.0 0.007 4.9 %
LSW3 Diluted SSW2 2 424.0 0.041 0.0 %
LSW4 Diluted SSW2 405.0 0.007 0.0 %

 

Table 3 Oil properties. 
Property Oil
TAN [mg/g] 2.69
TBN [mg/g] 0.85
Wax content [mg/g] 27.28
Asphalthenes [wt%] 6.5  

 
 

Table 4 Core properties and remaining oil saturations after wettability test and flooding. 

Exp. Sample
Porosity 
[ frac.]

Core Length 
[cm]

Perm. 
Kw[mD] Swi

So           
(Spont. imb)

So         
(Forced imb.) Wett. Index

BE1_1 0.20 4.80 226 0.13 0.43 0.32 0.79
BE1_2 0.20 4.80 236 0.12 0.42 0.30 0.80
BE1_3 0.20 4.80 302 0.14 0.39 0.31 0.85
BE1_4 0.21 4.80 297 0.14 0.34 0.27 0.89W

et
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bi
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y

 
 

Exp. Sample
Porosity 
[frac.]

Core Length 
[cm]

Perm. 
Kw[mD] Swi

So    
(SSW1)

So    
(SSW2)

So    
(LSW1)

So    
(LSW2)

So    
(LSW3)

So    
(LSW4)

BE1 0.19 4.8 166 0.09
BE2 0.21 4.8 336 0.13
BE3 0.18 4.8 133 0.10 0.36
BE4 0.19 4.8 144 0.10 0.35 - 0.34
BE5 0.19 4.8 179 0.08 0.42 - 0.41 0.41

NMR BE6 0.19 4.0 152 0.08 0.38 - 0.36 0.36 - 0.35

Flood BE9 0.20 28.0 223 0.15 0.28 0.28 0.28 - 0.28 0.28

C
ry

oE
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E
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Figure 2 a) Capillary pressure from forced imbibition (centrifuge) and estimated capillary pressure from 
BE9 flooding data. b) Estimated relative permeability from BE9 flooding data (by history matching).  
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Figure 3 Experimental data from flooding of BE9 (flooding sequence SSW1, SSW2, LSW1, LSW2, 
LSW4). There is a pressure decline in SSW2. This is due to an unfortunate pump stop. The DP did not 
resume the previous level. a) DP and oil production data. The data for step SSW1 are history matched.  
b) Conductivity, concentration of Ca2+ ions, and pH data. 
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Figure 4 T2 distributions of the water saturated plug plotted together with T2 distributions and diffusion-T2 
plots (orange blurs/contours) at a) Swi before ageing, b) Swi after ageing, c) Remaining oil saturation after 
SSW1 flood, d) Remaining oil saturation after LSW1 flood, e) Remaining oil saturation after LSW2 flood, 
and f) Remaining oil saturation after LSW4 flood. 
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Figure 5 a) BSE image/X-ray image of thin section. b) CryoESEM image showing the distribution of oil (red) and water (blue) after 
flooding with LSW2 (BE5). ‘Snap-off’ oil is commonly seen in this strongly water-wet rock, but residual oil is also seen associated 
with partly oil-wet kaolinite (green) and iron-rich carbonate cement (purple). Quartz (yellow) grains are largely water-wet.  
c) CryoESEM image from BE9. Oil is less associated with clay, mostly ‘snap-off’ oil. The oil saturation is less than in image b).  
d) Oil associated with Kaolinite. e) Oil, water and quarts. f) Oil wet carbonate, water wet quarts. 
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