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Missed-Pay or Overlooked-Pay. What if your well
wasn’t dry?
Carl Fredrik Gyllenhammar1* presents a methodology for evaluating whether wells that have
been declared dry could potentially contain significant volume of hydrocarbons.
Introduction
Exploration well 7/11-6, drilled just north of Mime offshore
Norway, is reported to have shows only. It will be demonstrated
that 7/11-6 probably have at least a 15 m hydrocarbon column
with hydrocarbon saturation above 60%.
Determining if a well is dry is not straight forward, particularly if the reservoir contains dry gas. The conclusion should
be based on a petrophysical calculation of the water saturation
(Sw). That can only be calculated knowing the volume of clay,
the porosity and the formation water salinity which is a function
of the formation water resistivity (Rw). Dry means that the calculated Sw are close to 1. The calculated Sw increases as the Rw
increases (salinity decreases). So, any formation can be calculated
to be dry by decreasing formation water salinity (increasing Rw).
In cases where the shows have been washed away and the mudgas are masked by mud-additives and/or high mud-weight, it is
easy to assume that the Rw is high to make the calculated Sw
match the lack of shows. As a result, a well may be declared dry.
Quite often, a dry well leads to relinquishment of the block and
its consignment to history. By revaluating all of the data, some of
which might not have been available, can a well be reclassified.
Analog mud-gas data can be digitized to allow mud-gas ratio
calculations. New data can be new offset wells making it possible
to challenge the formation water salinity and Rw used during the
initial evaluation.
A number of wells that have been declared dry could potentially contain significant volume of hydrocarbons. This can be
tested by combining three methods;
1. Shows; searching-reading the wellsite cuttings/shows
description
2. Mud-gas analysis
3. Wireline and or LWD/MWD logs; by classic deterministic
log analyses
Just over 800 Norwegian exploration wells have been interpreted
in detail. Of these, 65 of the classified dry wells have missed-pay
identified in 86 different formations (multiple missed-pay zones
in the same well). It is therefore reason to believe that about
100 declared dry exploration wells of the about 1500 released
exploration wells in the Norwegian sector did find hydrocarbons,
significant enough to take a second look.

Methology
Of the three methods the first is the simplest, most straight
forward, and often overlooked; reading the wellsite descriptions
(Figure 7). It is not enough to read the company wellsite geologists completion log. Too often management have requested
shows to be deleted to avoid testing. Reading the mudlogger’s
description is equally important as well as the wellsite geologists
notes, often found in the Final Well Report (FWR) and/or End of
Well Report.
Gas wells do seldom have direct shows. Oil shows can also
be washed away by the mud as well as being masked by oilbased mud. That is why the mud-gas is important, in particular
the mud-gas ratio. The challenge is that one must have access
to digital mud-gas data to calculate the ratio. High mud-weight
reduces the influx of gas from the formation into the mud. All
you measure then is the gas contained in the volume of rock that
has been grained up.
The mud-gas ratio method, described by Haworth and
published by AAPG in 1986 and further explained by Dolson
in 2016, is a relatively good method. Figure 1 shows a Barents
Sea well, 7220/5-1. The two curves plotted in the mud-gas ratio
column are the balance ratio (LHR) and the wetness ratio (GWR)
(Haworth, 1986). LHR gets high when then there is abundance
of the light elements such as methane and ethane, suggesting
dry gas, while GWR gets higher with increasing concentrations
of the heavier elements. When the LHR is lower than GWR it
could indicate oil rather than gas. One limitation of this method is
that the heaviest element included is isopentane (iC5). Naturally,
because it is the heaviest element in gas phase during normal
pressure and temperature. GeoServices have developed a mudgas instrument, ‘Flair’, that measure the heavier elements, but
it is expensive and seldom run. Adding to the uncertainty is that
the gas extracted from the header-tank is also mixed with the
surrounding air, so the percentage of gas is not absolute, but a
function of the calibration done by the mudloggers. A lot of the
mud-gas leaves the mud over the shale shakers and if run; the
de-gasser. But some of the gas will always be recirculated. The
consequence of these factors is demonstrated with this well. The
gas response from 1340 m to the gas oil contact (GOC) at 1370 m
is correct (Figure 1). And there is an oil response down the oil
water contact (OWC) at 1418 m. Further down is the water zone,
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Figure 1 CPI of well 7220/5-1 in the Barents Sea. The Apparent Resistivity (AppRw) track shows the AppRw as a green dotted curve, while the strait vertical green lines is the
selected Rw. The Mud-Gas ration column show the LHR and GWR ratio.

Ct : Conductivity of the formation
Sb : The bound water saturation
Cb : conductivity of bound water and the free water of conductivity
Cw : conductivity of the free water

changes to the resistivity contributed from the clay minerals in
the reservoir. While the Archie equation is in principal limited
to clean sandstones, it gives acceptable results up to about 10%
of clay. The Dual-Water equation is just one of many equations
such as Waxman-Smith, Indonesian, all trying to compensate
for large clay volumes. Volumes of clay exceeding 10% create
uncertainties. Too large for missed-pay analysis using this
proposed method. The following Rw and salinity evaluation
is based on using wells with sandstones with less than 10%
Vcl. In those zones we can calculate the Apparent Resistivity
(App Rw); the Rw that at any time set Sw=1 (Figure 1, 4 and
7). That is the green dotted curve (Rw App) in the Apparent
Resistivity track in Figure 1, 4 and 7. The straight green
line in the same track is the selected Rw, used calculating
the Sw.
In summary; we must have as a minimum a gamma ray
log, a density log and a deep resistivity log to calculate the
Rw (salinity). Secondly, the calculated Sw is a function of the
calculated porosity and Rw (a function of salinity). But how
sensitive is the Sw to these two parameters? Could we simply use
a constant Rw or salinity which some do? Often using Rw=0.1
ohm at 250C. That is equivalent to salinity of about 69 000 ppm of
NaCl equivalate and often the default value in most petrophysical
software. The following is a sensitivity study of the Archie equation, showing that correct calculated porosity as well as the Rw is
equally important for a correct calculated Sw.
Archie came with his famous formula in 1942 (Archie,
1942) where he showed that the oil or gas saturation (So or Sg)
is a function of the porosity (ɸ), the deep resistivity (Rt) and the
resistivity of the formation water (Rw). In his equation he uses
the saturation of water (Sw);

The complicated Dual-Water equation is based on the simpler
Archie equation (equation 3) (Archie, 1942), plus adding the

Sw = 1 – So (or Sg).	
So is the oil saturation and Sg the gas saturation

the mud-gas ratio suggest gas again. Clearly not correct. What the
mud-gas ratio analysis does is show the changes, not an absolute
indication of gas, oil or water. But these changes are important
and could point out the transition zones going from a cap rock to
a gas or oil reservoir, GOC and the OWC.
The shows description and signals of something changing
based on the mud-gas response, leads us to the next step. Is there
a wireline response? For that we need eletric logs to calculate the
Sw which is based on the volume of clay (Vcl), the porosity (ɸ)
and the deep formation resistivity (Rt). And we must know the
resistivity of the formation water (Rw).
It is important that the log interpretation of all the wells is
consistent. The Vcl was calculated using the neutron density
cross plot and the gamma ray curve. For consistency the 100%
clay point on the neutron density cross point was fixed at 0.5 pu
neutron value and 2.58 g/cc density value (Gyllenhammar, 2020).
Secondly the Vcl was calibrated between the offset wells. The
porosity was calculated from combining the neutron – density log
or only the density log. Sonic calculated porosity is not accurate
enough to calculate Rw. The water saturation was calculated
using the Dual-Water method (Clavier et al., 1984):
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Figure 2 The laboratory measured conductivity versus water saturation, Sw
(Leverett, 1938).

(3)
Equation 4 is simplified by using n=2, m=2 and a=1 ;
(4)
The simplified equation 4 is used in this sensitivity study.
Archie’s equation is an empirical equation derived from a
number of laboratory experiments run in the 1930s by several
scientists who were studying two phase flow in porous media.
In particularly the study of Leverett is important (Leverett,
1938). While studying how oil and water flowed in a tube filled
with unconsolidated sand, he measured the conductivity and the
corresponding Sw.
His calibration curve shows the correlation between the Sw
and Rt (Figure 2) that is the basis for Archie’s later work and the
publication of equation 3 (Archie, 1942).

In the case of a dry well Sw is equal 1 per definition. To
challenge that result one must either increase the porosity or
increase the Rw (decrease salinity) to get Sw significantly lower
than 1. Figure 3 shows the sensitivity the two variables have on
the Sw calculation. The deep resistivity Rt is set constant and
the porosity varies from 8% to 32% while the salinity varies
from 14 000 ppm seen in the Alve gas field (well 6507/3-1) in
the Norwegian sea, and up to 440 000 ppm (7220/5-2, Nunatak,
Barents Sea) which is the maximum concentration of NaCl in
water (Warren, 2016). Both Figures 3 a and b are identical, the
difference is the posted values. The posted values on Figure
3a indicate how much Sw changes with constant porosity and
varying salinity from 14 000 ppm to 440 000 ppm. Figure 3b
illustrates how much Sw changes with constant salinity and
varying porosity from 8% to 32%. These are the extreme values
one can expect in any reservoir. And the Sw sensibility with
respect to the two variables within the possible range are quite
similar assuming both parameters are allowed to vary that much.
But is it realistic that the calculated porosity has an uncertainty
of 10 to 20%? Only if the porosity is calculated from the sonic
log or interval velocity form seismic stacking velocities. In our
case in the search for missed-pay the porosity is calculated from
the combination of neutron and density, density only or NMR
calculated porosity. For missed-pay analysis the calculated
porosity must be within +/- 3%.
In the this missed-pay analysis the porosity is always a
neutron-density calculated porosity, and in most cases QC’ed
by core plug measured porosity and have therefore an accuracy
within a few % porosity units. So, to challenge the Sw calculated
initially set to 1 by the operator, assuming the deep resistivity
(Rt) is correct, one has to challenge the salinity, or Rw used. By
asking our self; can the salinity be higher (lower Rw) than what
the operator used to get Sw=1 in that particular zone? If they had
a water analysis from a DST we have nothing to challenge, but
small samples from wireline tests are always contaminated by
the mud. The only water analysis that can be used is from a DST
water sample.

Figure 3 Porosity versus Sw sensitivity test. Using one data point on well 7120/12-2 – 1946 m where deep resistivity (Rt) is 100 ohm. Then varying porosity from 8% to 32%
as well as the salinity form 14000ppm to 440000ppm.

FIRST

BREAK

I

VOLUME

38

I

DECEMBER

2020

89

SPECIAL TOPIC: DELIVERING FOR THE ENERGY CHALLENGE: TODAY AND TOMORROW

Rw is evaluated and challenged in this study by making
salinity maps based on detailed petrophysical interpretation of all
offset wells (Figure 6). Mapping Rw or salinity requires a large
number of wells in the same basin with good logs. This method
will only work in basins with a relatively large number of offset
wells, such as the North Sea.
It is important to realize that it is the resistivity log that is the
most important log with respect to evaluating the hydrocarbon
presence in any sedimentary layer. It is also the first log developed by the Schlumberger brothers in 1927 and tested in the
Pechelbronn in Alsace.
I claim that calculating salinity from log analysis is more
accurate than using water samples due to mud contamination
given that the porosity is calculated from a combination of the
neutron-density log and calibrated with core measured porosity.
A water sample from DST can be pure while sampled at the well
site, but must be analysed quickly. In most cases bactericide
is added to prevent bacteria from growing. Many bactericides
contain chlorine (Cl). At that moment the sample is contaminated.
We must also remember that the oil price has an impact when
these evaluations were done originally. When the oil price falls,
a well must contain substantial volumes of HC before one wants
to invest in a well test (DST). Indications of HC will therefore be
disregarded to justify a quick abandonment. The consequences
are that relatively large areas can be abandoned and regarded as
‘dry-areas’. It is a stamp that is not easily removed.

Missed-Pay case study; well 7/11-9
7/11-9 was drilled by Norsk Hydro in 1986. At the NPD web
(www.npd.no) one can read Shows, but the final conclusion is:
“The well was permanently abandoned on 9 March 1986 as a
dry well”.
Ula sand was targeted, but found to have low permeability and
only shows. Shows do not say much, but the oil saturation (So) is
normally quite low. If it is gas, there is often limited to no shows on
the cuttings and the core. In that case one can study the mud-gas, in
particular the mud-gas ratio. In the case of well 7/11-9, no digital
gas data is released, but an analogue print of the mud-gas data is
in the Diskos database (Figure 7). To the left on Figure 7 one can
see the lithology description, shows description, as well as the gas
log. The lithological and show description are the one by the Norsk
Hydro’s wellsite geologist and secondly by the GeoService’s mudlogger. They are different, and demonstrate that shows descriptions
are all subjective. Both have seen direct yellow fluorescence (dir,
yel, flour). The gas log shows that in the five lightest elements C1
to nC4 is present, which could indicate light oil.
The next step is to use the wireline logs and calculate the Sw.
Since we suspect the Sw to be quite a bit lower than 1 we need to
find the Rw. For that we need to make a salinity map.
If there are wells within the area of interest that have tested
water in a DST it is wise to use the test results to test the petrophysical method. One of the exploration wells in this area, 7/8-1,
tested 5000 bbl of formation water per day from the Gassum Fm

Figure 4 7/8-1. Used as a test to the calculation method due to the extensive test of 5000 barrels of water a day. In the Apparent Resistivity track the dotted green line is the
App Rw while the straight green line is the chosen Rw used to calculate Sw. Giving a pure sample to measure the salinity. In the last track (CPI) the volume of sand (Vsd) is
the sum of the yellow coarse sand and volume of silt (Vsilt).
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Figure 5 Reservoir pressure plot. The plot to the left (a) is the general pressure plot with depth from 0 to TD, while the plot to the right (b) is the red dotted rectangular area
enlarged to see the details. The hydrostatic pressure (thick blue line) is the pressure of a water column with a constant density of 1.04 g/cc while the Overburden is based on
integrating a nearby well having a good density curve from the shallowest casing shoe to TD (thick brown line). The fracture pressure is 85% of the overburden (thick red).

(Figure 4). While the Ula Fm are Upper Jurassic age, Gassum Fm
is Lower Jurassic to Upper Triassic age. The water sample salinity
was measured to 180,000 ppm NaCl equivalent. Both the wireline
log calculated Rw and the laboratory tests of the water sample
suggest 180,000 ppm NaCl equivalent salinity. This suggests that
the wireline calculation method of the salinity proposed in this
paper are accurate enough, provided the above described method
are followed.
If the Ula sand present in two wells are connected, not only
the salinity, but also the overpressure should be identical. The
overpressure evaluation is most easily done the graphical way. It
is important to remember that the overpressure will only be the
same in the water zone (Sw=1).
The pressure plot (Figure 5) shows the measured reservoir
pressures plotted on a depth-pressure graph. The reference
lines are the normal hydrostatic pressure (the water column),
the overburden pressure, the fracture pressure and the parallel
overpressure lines to the hydrostatic pressure. Formation pressure placed on a pressure versus depth plot without the above
listed reference lines or boundaries are quite meaningless. To get
the over-pressure and evaluate possible formation connectivity
between the wells, the pressures must be plotted with the normal
hydrostatic pressure curve and the overpressure lines drawn true
the formation pressures parallel to the normal hydrostatic line.
If the normal hydrostatic line is just based on an average water
density, the overpressure lines must be adjusted for the calculated
salinity for that formation.

The overburden is calculated by integrating the density log.
Often there is no density log for the first 1000 m of formation.
1.03 g/cc is a good average density in the water column, then an
average of 2-2.2 g/cc for the first 1000 m of formation. On the
UK shelf BGS has drilled more than 1000 wells where they have
run continuous coring from seabed to TD. Most of the wells are
shallow, but the deepest is beyond 1200 m. The rock density was
one of the measurements taken (Gyllenhammar, 2003).
Calculated salinity and the over-pressure of the Ula Fm
are posted on the map (Figure 6) to evaluate reservoir communication and what potentially governs the overall salinity and
the over-pressure trend. For larger areas one could contour the
salinity if one believes the changes are gradual. But often the
salinity changes are like the overpressure, confined to closed
compartments, with sharp steps across the major faults. To make
proper overpressure and salinity maps the well data should be
posted on the structural map from seismic interpretation. Those
data were not available for this paper.
First to note in this case is that at least 4 wells ended (TD) in
the Zechstein Anhydrite (CaSO4) and Halite (NaCl). In addition,
one can see that those four wells are quite evenly spread on this
map, suggesting that most of the Triassic are deposited on Zechstein evaporites in this area. The overlying Triassic and Jurassic
are therefore expected to be relatively saline, which means much
higher that the sea water concentration of about 35 000 ppm NaCl
equivalent. Some 35,000 ppm of NaCl equivalent represents Rw
= 0.18 ohm at 250C (770F).
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Figure 6 Map of the Krabbe-Mime-Ula North
area. The salinity in NaCl equivalent (ppm) of
the Ula Fm. is written in black. Under is the overpressure in bar if available in DISKOS. (source
of the background map with structural elements
(NPD web).

The Ula Fm. reservoir pressure indicates four different pressure compartments in this area (fig 5 and 6). Unfortunately, many
operators decide not to measure the reservoir pressure in assumed
dry wells. Making pressure studies a limited exploration tool
compared what it could have been had we had more data points.
Over-pressure evaluation combined with the salinity data is an

important tool to demonstrate connectivity between reservoirs,
which is important where the seismic interpretation is difficult.
This case is a good example of that problem. The Ula Fm
is quite thin and difficult to interpret. The overpressure in well
7/11-9 and Krabbe are quite similar. But there is no pressure data
available from well 7/11-13 or 7/8-4 (Figure 6).

Figure 7 Exploration well 7/11-9 drilled north of the Mime discovery. 4a showa the calculated Sw using Rw=0.3 ohm, while b showa the calculated Sw using Rw=0.07ohm, in
line with the offset wells. To the left is rgw wellsite geologist cuttings description, followed by the mudloggers. Then the mud-gas curves.
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Given the number of wells that have TD in salt (Figure 6)
one would expect that for any well penetrating the Ula formation
within this grid the salinity would be high. The calculated salinities of the Ula formation in the other wells range from 104 000
ppm to 155 000 ppm.
Back to the analysis of 7/11-9 (Figure 7). Assuming the
calculated Vcl and porosity is correct, salinity as low as 20 000
ppm is necessary for Sw to be more than 80% (Figure 7a). That is
considerably less than even sea water at 35,000 ppm. It has been
shown that the Ula sand in all offset wells have a salinity higher
than 100,000 ppm. And it is reason to believe that 7/11-9 is also
close to evaporates. A substantial local fresh water source would
be needed to reduce the salinity.
At Mime to the south the salinity is 104,000 ppm and the
nearest well north east, 7/11-13 have 115 000 ppm.
Using 104 000 ppm should be justifiable and suggesta a
hydrocarbon column of at least 15 m and Sw as low as 40% (Figure
7b), enough to trigger exploration interest given the good coverage
of released 3D seismic. The Ula overpressure (7/11-9) is relatively
high compared to Mime and 7/11-8 drilled just south of Krabbe.
But the Krabbe field has high overpressure again. Any discussion of
connectivity between Ula Fm in Krabbe and 7/11-9 is unfortunately
difficult due to lack of pressure measurements in 7/8-4 and 7/11-13.

in the North Sea was drilled at a time with only 2D seismic
data available. Today most of these areas are covered with
released 3D seismic data. It is therefore relatively easy to map
and do reality checks on a potential missed-pay identified on
well logs.
All UK released well and seismic data can be downloaded
for free. I have just received close to 18 Tbit data from CDA; all
released UK well logs and 3D seismic data put on hard-discs and
sent to Norway for a cost of less than £900.
So far, 800 exploration wells have been interpreted in detail
across the Norwegian sector. And the study is ongoing.
In a future paper in First Break we will continue challenging
old ‘dry’ wells. We will look at a few more wells within this
grid, then we will move on to another area using the same
methodology.
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