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In Iexn'Oirs with ~ brine me ~ of day minerals are mudl

!alp than in DM>re saline brine reICn'Oin. An evaluation of a very

iaJge shaIy sand Iexn'Oir is presented, where the shale conducts up to

30 times more of the decrricity than the brine. A reliable

interpreution modd was found by adjUSting die Standard Waxman-

Smia model. By comparison it was found that me Dual Water modd

is ~ This adapted evaluation model is based on an extauM Xt

of laboratory measurementS. The upper and lower Aeolian sands could

be evaluated COns6tent widi Capillary Pressure data, whereas die

middle Marine sands ~ more difficult to evaluate, due to different

day distributions and variable Rw values.

The middle sands are of Marine origin. Thcse sands ~ awboga1ic

dispcned days, allogenic shale laminae and M)me sttUCtWal shale

grains. They ~ a porosity of around 20%. One sand member is

ramer silty with shale ~ oonwning subltantial amouna of

glauconite. Brine resistivity at the formation tempemwe of 80 OC is

about 5 Om. The brine appears to be of ~ric origin. The

oomposed brine only needed CaCl2 and NaHCO3, but no additional

NaQ.

3.0 Ewluadoo of the ~

The routine evaluation of me reIen'Oir \cd to signifi,.".ot disaqJaDcics

and inoonsistencics. It was decided to resolve mcse problems with a

large tangible Rt of Iabol2tory measwemcflts, including decaica1

properties and capillary prasuJe mcasuremcncx.

The major i.uua to be IaoIved in me evaluation are:

1.0 ID~

SbaIy Sand ~in ~ d1alIengM peaopbysiclsa for ovu sixty

~. To calculate the water satUration from 1aiItivity lop the analyst

need to oonect for die additional dcctrical ooodUCtirity &om ~ day

minel2Is. When the ~ir brine is rdativdy frah, the evaluation

problem is oompo~, because the dfea of ~ day minel2Is is

proportional to the resistivity of ~ brine. To assist the analyst in the

calculaaon of the water satUration a sp«tte of more than thirty sbaiy-

sand ~ have been inaod&x:ai ovu the yean. A large number of

these evaluation modds ~ been apdy classified by Worthington [1].

No singk model has ~ to be the paI1aI:a for all sbaIy sand

~in. MOSt of these models ~ been applied in more saline

~in (Rw<O.5 D.m). Few excwsion.s ~ been made into frah

WIler brines (Rw>O.5 D.m). In this paper we oonsider a ~ir with

Rw-5 D.m, in which the dfea of the day oonductivity can be a factor

of ten or more . then die brine oonduaivity. When ~ amount

of day is substantial, we will fneasUtt low resistivities, while me layer
StiJl may produce dean oil.

OOIP:
Sw:

s.rirr:
Go<:::
FWL:

H:
Rw:
Vd:

Qv:

variable Original Oil In Place

iDCOnsistalt Water Saturation

large InedIX:ible Water Saturation

different Gas Oil Contact Ievds

WtM F~ Water Lcvd

uncertain cut-offi for Pay

variable brine Raistivity

amount and type of day present

Cation &dIangI: Capacity

~O S1I8ly s.Dd EmuaDoD ModeL

A series of papers by Waxman, Smits and Thomas [2] form ~
pcripety in sbaly sand evaluation. They introd~ a sbaly sand modd

(Waxman-Smits model or WS-modd) based on a suongly sinlpUfied

pbysial ooDcepc. a did dearo-dlema1 basis and an ~ ~ of

carefully executed experiments on samples containing various

amounts of diSpelled days of different oomposicion. This data ~ is by
far ~ highest quality and most atensive data ~ available in the shaly

sand Ii~ The same data ~ was al*> used in a paper by CJavier.

Coates and Dumanoir [3 ) . They introduced. mole man 1 5 )an later.

me Dual-Water mOOd (or DW-modd).ln the DW-modd a layer of

bound-water, aaociated widt ~ clay minerals. is oonsidaed. The

resistivity of me clay bound water is different from me bulk water.
~ two mOOds are the most rn:qUeDdy used IIMJdds.

2..0 ~ir Daaipdon.
The raenooir has an ~ extent of ~ aver 100 km2 and a

allnulatift mickncss of over 300 m. There ~ Ie\Ietal puaIld pardy

scaling mrust &ults. Some wdls intcneCt a small gas cap. Some wells

pcneaaIC below me free water Ievd, wbidt appean to be tilted. MOSt

of the wells ~ not cored. The sand members do vary wim dcpm. The

top and bottom sands ~ of Aeolian origin. Tbcsc Amlian sands

contain mainly audiogenic dispctsed days and have an average

porosity of 25%.
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At die formation tcmpcratWC of 80 oc. ~ haft B= 8, Rwz5. So
when Qv=0.25 (not high), ~ find X = 5.8*0.15 = 10. So in this case

die day mnduas ten times DK)re ammt than d1e brine. When the

water satumion drops to 30%, d1e day mnduas 33 times more

current man me brine. So, in msh brines we may be looking at huge

corItttions for the effeCts of d1e day.

The cunatt rescrvoir was rourindy evaluated using the DW-modd.

However. inconsistent Water Saturation values led to ad hoc

adjusuncnlS in the parameters of the DW-modd.

s.o The DW-.-IcI and WS-modd.
The WS-modd and the OW-mOOd both are paralld conduction
moods. Whidt means, that the brine and the day both condUct the
ammt in paralld. with no funher interaction ~ the tWO. It is
also assumed that both ~t paths have aacdy the same shape:
Both modds an be written for 100% brine satUrated rock as:

The cquivalcnce of dJC rwo modds is shown in Appendix A. To

diStinguish between the rwo mOOds different annotations are used.

For dJC WS-modd:

Co . <c., + CaAY)/P (I) RoIRw - F*/(l + RwB . Qy)
(6)

widl with
*F* . l/cjIIBCo : rock condUCtivity (Sw-l)

Cw : brine conduCtivity
Ca.AY : day conductivity
F : Fonnation FaCtor

(7)

And for ~ DW-1IM»dd:

RoIRw . Foi(l + RwBoQv) (8)
In analogy with An:hie we write usually:

with
F . l/cfJID Fo - U+-. (9)(2)

with
cjI

m

The only difreren« between the two mOOds the par2meter B. the

counter ion mobility. The counter ion mobility is the crux of the

model and is calculated diJfermdy for bod1 models.

porosity
cementarionfaaor

The formation fattor is a purdy geommical f¥tOr. BOIh day and

brine have the same formation faCtor in the tWO models. This means

that water and day are ~ed (0 have the same geomeay. So both

are ~ (0 fill the (Ow pore space. and indeed. the day is
implicitly ~ed (0 be fully dispersed. Usually equation (I) is

wriam in rams of resiIriviry rather than co~ry with R-l/c, or:

11teWS-0¥Iddua:

8*-3.83 . {l-O.83 . ap(-O.5/Rw>} (10)

The DW-~ UICS:

RoIRw. F/(1 + X) (3) So - 2.OS - 'Y'Rw (11)

with

with Rw<°.3

Rw>O.3

'Y=0.3
'Y = 0.3 + 0.432 . {(Rw-O.3)213}Ro

Rw
x

raisrivity of rock wid! Swat

resistivity of brine
day ~ . Ca.Ay/ Cw Equation (11) does not appear as such in the paper introducing the

Dual Water model (Rd: 3). but in Appendix A it is shown that

cquaDon (11) foIJows irnrnMi2tdy by rewriting the DW-modd

equation. The value of'Y has been calculated by fitting a aJrve to the

~IS provided in RdeIaJCC (3).

In boIb modds the day effeCt can be written as:

x - RwBQv (4)
with

B
~

: counter ion mobility

: Cation Exchange Capacity

(per unit of pore volume)

The counter ion mobilities S* and Bo are only a funaion of Rw and

T (tem~). ~ are shown u a funCtion of Rw in Figuft: I. S*

gradually dcaeases wid1 Rw from about 3.8 at low Rw In about 0.8 at

high Rw. At low Rw. So is strongly negative. At Rw=0.15 Om it

becomes zero, indiaring that d1e day bound wara' has ~ !aIM

raisrivity as d1e bulk water. At high Rw. Bo mps on incasing

slowly. At Rw:I.5 Om S* and So are equal and me two modcIs

would of cowse gift idcntial ~a. So ~ behaviour of ~ two

models as a funCtion of Rw is distincdy difrr1aIt. The day cffa:t is

described by the term RwS.Qv.. a comparison of RwS for me two

models is less dnmatic than FIgWe 1 sugcsa.

For rock in which the water sarwation is less man 1 ~ both models

canbe~as:

~ . I . F/(l + X/Sw) (S)
widt

Ra~ity Index
Water SanuarionSw

T'. CWLS j..r..'



The value of Qv as used, was determined from Ro measurements at

two salinities Le. Rw-l.5 and 5.0 Om. Figure 1 shows that at
R w= 1.5 Om the 80 and B * are actUally equal and the calaJiated shale

effect is the same for both models. At Rw=5.0 Om Bo is tWice as large

as B*. From the two Ro measurements and the B-values as given. we

may calculate Qv and the cementation faaor (m) for the sample, using
the two moods. The only unknown parameters are the cementation

faaor (m) and the Qv-value.

The distribution of me cementation factors for me two mOOds is

given in Figure 2. It is quite evident, that the scatter for me

cementation factor from the Dual- Water is mud1iarger man for me

Waxman-Smits model. This has been observed before, but in fresh
brines me effeCt on m is aasperated. The Waunan-Smits mOOd gi~

for the average m*=1.716 + 1-0.004. The Dual-Water mOOd gives for

the average mo-l.52 + 1-0.03.

Fill- 1: B*;mti Bo wmu Rw.

6.0 ComparilOn of - DW- and WS-models.

6: 1 c-nt4tiO1f exJHnIe1It$

The value of RoiRw is measured from experiments and is of course

me same in equations (6) and (8). So, when the val~ ofB is different

in both models, the value ofF also has to be different for bom models.

This means that the cementation exponents m* and mo have to be

different tOO.

When Qv equals zero, there is no shale renn X for both moods. This

means that m* and mo are equal. When Qv is greater than zero, me

shale term X is different in both models and we should be able to see

whim model gives the most consistent value for the cementation

factor m. The results shown in Figure 2 are for the upper

Aeolian Sandstone.
Fit- 3: Deptn4ma of m-jIII:IlIr on Qv for

D1I4t- Water il1IIi WIaman-Smit1 models.

Funhennore it is quite noticeable that me Qv has a definite effeCt on
the roo-value, whereas me Qv has little effeCt on me m*-value (nearly

constant). This is shown in FIgUl'e 3. We want to reiterate dtat in

Figure 3 bom me Qv-value and me m-factor are detennined &om two

Ro measurements at different Rw's using me corresponding mOOd.
When we have two Ro measurements we have only tWO unknown

parameters in equation (6) or (8), Le. Qv and m, and we have two

equations. So, me results in FIgUl'e 3 are self-consistent. Bom models
assume dtat me cementation factor is a constant, as long as me pore

geometry remains constant, as is the case for me upper Aeolian Sands.
These results favour me Waxman-Smits model, whim shows a

significandymore constant m-factor man me Dual-Water mOOd.r .

6.2 lr,.J.e;hI. w.. ~
The Dual- Water mOOd considers the tem 'YQv to be the day bound

water saturation. The mobile water sawrarion is equal to 1 - 'YQv.

when the rock is 100% saturated. It also means mar according to the

Dual-Water mOOd the lowest Sw measured should be equal or higherFigIIIW 2: 111- ftzaor ~ ftr the W--SmiIS model
and the DU4/ Wilter model

T'. CrLS Jo 1 91 I



ng.- 5: n..,.J 110 K ~FigII1W 4: 1ouat",.",rJ SIll in Rl ~

than oyQv. These S1rirr masuremena are awilable when die

Resistivity Index (RI) is mcu~ In our experimena - have

dcsaauatcd samples using p~ of up to 15 Bar (22Opst").

The lowest water saturarioDS ad1ievai are Ibo.m in Figure 4 ~

Qv. The red dotted line is the Swirr prediCted by the DW-modei and

~ ~ green line ~ Swirr prediaed by the rdation given by Klein,

Shirley and Hill [4]. In Figure 5 ~ ~ plotted die behaviour of n* and no versus Sw. It

dIOWI the fitted n..cxponcnt w. Sw. The dOled symbols show the n-

behaviour for die WS-modd (n*), the co~ponding open symbols

show the bdIaviour of the DW-DK>deI (no) for the same samples.

There is one sample widt a Qv below 0.1 (diamonds), one with a Qv

around 0.3 and two widt Qrls around 0.6. The lines roult from a fit

to the data. The strongest ~ occun widt a sample wbeze Qv-O.59

and ~ dearly see dw no deaaIeS saongIy widt Sw, indicanng d1at

:>Co is mud1iarger then zero. Thus Bo is not xro at Rw.O.15 Om.

'Y.0-*/~+0.22 (12)
with

~ : Co~uarion of NaO (moI/l)

The lowest mcaswed saturations should be larger than die prediaed

s Ir is evidenr d1ar for rbac sampIa the amount of day bowMi

water is overestimated by me DW-model, bur loob acceptable

KCOrding [0 equation (12). Equation (12) is DOt a p8n of the

WS-model, bur is always used in conjunCtion wim it.

When we UK tWO Ro-val~ [0 determine Qv. we Ictually mcaIwe

BQv aOO ba:ause B is known. we may ~i4;;I1-~1e Qv. H~ ir bas

[0 be realized that B is only an average over a number of amplea. So

if die aauaI B is in faa difreIa1r for a partiaI1ar ample, die Qv will

be ~r [00. This has no effca on die ~L::o~!!~n of d1e IiIaIe

dra:t. ba:ause dIere amys BQv appears as a produa, bur it bas an
effca on Swirr vs. Qv as in Figure 4.

6.3 ~ B9-I-t
AI RwaO.15 Om die factor Do bea»mes zero, ~ Xo equals zero. The

DW-modd prediCtS dIat at RwaO.15 Om the day bound Water bas

Inn. CW1S I-I

the same raisrivity as the bulk water. Th.is means mere is no day ~
at thjs brine resistivity and the aauaI Qv value plays no role
~. If no is ~JClI6tcd from equation (2) auuming Xo.o, and
thjs UI11mption is COna:t, then no should be COnlUnt U a funCtion

of Sw. If X is actually greater than zero, no will decrease when
Sw decreases.

6:4 DW..JJ;,.-t""'"

The Dual Water model does DOt p~ a better evaluation of the
water saturation man me Waxman Smits mOOd does. In every respect

it does aaualIy provide a less reliable piCtw'C. It should be ~ d1at

me Waxman-Smits model is not oorrea either, but the DW-modd is

evat as oone::t. In the fo1IO\1ring ~ only will oonaider the Wuman-

Smits modd.



7.0 l.8b MaswaDCDts.

hI B-f-oJor
Little data is available to support d1e WS-modd in Crab brina.

Waxman and Smits reponed data on tWO groups of samples. Their fit

for d1e B* faaor is signiliandy diffcratt for die two groups.

FiK-- 71 QII by ~ P.,.,;.I .,., QII by T",.,. IIIdW

7.3 ~,-!~F.eI.,.

We fim present some original data, before any shale conecrions, in

FIgUIe 8. We also have drawn a few hypod1etica1 day-lina. which. to

a <%r12in extent, could represent various day contents. This memod

could work to some degree. It is not ~ of course. Howevu. ~

will use die Waxman-Smits ~ We do know the value for B from

equation (13) and the Qv-value from equation (14). So. we now may

calaJJate the shale eKea X'" . RwBQv uxl use X'" to ~lallate:

Fir- 61 B IS. RJIA.

So it was imperative dtat a better estimate for B* wa'e oblained for the

samples of d1is ~ir. We measwM B* as a funCtion of Kven

different Rw-val~ on four samples. The ~u are dispIayaI in

Figure 6. Equilibration tima of about 4 weeks were wed, after me

resistivity was dJanpi The following equation was 6tud: F* - RD(l + X*)/Rw

B - (0.7 + 3.2/Rw)/(1 + 1.3/Rw) (13)

The kIw Cw asympcote - takaI 10 be equal 10 die value for a

Bentonite SUSpcnlion (aIIO shown in Figure 6). The high Cw
asymptote is takallO be equal 10 the Wuman-Smia w1~ at 200 c.

7.2 Q-.I-
The dlcm~J tiaabon med1od to measure Qv is a suiabie, ~
at low val~ of Qv a large scatter is always ob.er\'ed. when co~
widt odter mcd1ods (7]. This is shown in FIgun: 7.

We have aI~-tlared Qv usins two different brines (Rwl and Rw2) and

die oonQPOndiDg B-faaor (~7.1):

Qy- (1/Rw:z-Y/Rw.)/(B. .Y-B:z) (14)

wid!
y. Rol/Roz

This ~ ~~ less ~ for Qv> 1. but dIcse valucs are DOt
important in our evaluation. becaux at this Qv-value all Water is day-
boundwateL

FiI- 8: RmRIII IS. .--;" ~ u", L...r ~ s.I.ds.
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Rt/Ro - '* . (I + X*)/(I + r/Sw) (IS)PIoaing p ~ 41 on a Iog-Iog Kale and fitting a sa2ighr line
through die data will yield a line wid! a dope of m.. It was found that widt

the m. value for different lithologies varied somewhat as is shown in

FIgure 9 for die upper and lower sands.

X* . RwB*Qv
1* . 1/Sw-+

The dam for the upper lands fall along one line widt a dope of What Ie = RrJRw.(l+X-/Sw)/(l+X*) is piota:d ~ Sw on a Iog-
m-l.72. wbeJeas d1e lower sands fall along a line widt a smaller slope. log plot we should get a suaight line widt a slope of ne. Data for eight

samples &om the upper and the lower sands are shown in ~ 10.
The sanuarlon exponent is diKermt for upper and ~ sands.

8.0 E..Iuadon of Qy-from lop.
All the ingredicna, but one are now in place to eYaluate die racrwir.
We Still have to fmd a way to dctenninc die Qv-wlue &om logs. This
is me critical step for all eYaluation mOOds and far outweighs me
~"bIc auvatWe of m* and n*. The literature gi..oa ~ diffaent
mcdIods to prediCt die Qv-wluc &om log R:adinp. We have adopcai
two mCthodI and apply diose OYer diffaent sections of the ~rwir.
The first mcd1od is described by RohUvetz. and Ferd [5] and is based
on die '* of die SpcaraI NaauaI Gamma Ray log.

The second medJOd is deIaibcd by Juhasz; [6] and ~ die ncuaon
and dcnsity porosity diffaa1«. Both lned1ods were calibrated in me
~ Iega of all weUs in me area. by calcuiating BQv &om me

decuX:aliogsal:

J;;,-w.91 P K .--;" .r.r "!peT ... I.-,. ~ s.,.Jr. BQy - l/cjl--*Ro - 1/Rw (16)

and correlate this result against the pocentiaI Qv indiarors.7:4 s-,.".,;- EapoIIMt (.*)
When we ~ the raistivity of a sample that bas a water
sawmion bdow 1 ~ die dfea of die day minaaIs is inaased.
We ~ in equation (5) that a tan X/Sw appeaR. This means d1at at
Sw-°.25 the shale oonaibution is four times as large. From
equations (3) and (5) we - that:

PI,- 111 CEC I- s,«I1-J ~ n.,..

The FenI mcdIod worked waI In the lower and upper ~ lands.

where me day composition was rad1er oonstmt and nearly all me day

was dispersed. Resulu ~ shown in F'~ 11. It did not work waI in

the sands ~ silt and shale laminae ~ abundant.

Jlic-r- 1 A r a s." ~ fI/!'r ... t...r ..wa ~
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The Spectral Gamma Ray tool will yidd an indicator for me total

amount of Carlon F.Y~b~Dge Capacity (CEq instead of the Carlon

Exchange Capacity per unit of pore volume (Qv). However. Qv and
CEC are rdated as

the Dual Water model in fiuh W2ter reservoilS. The remainder of the

porosity is again filled with oil (green) or gas (red).

Q.y . CEC. (1 -1fI). Pma/lfl
(17)

with
pma : gnin density of matrix
cI> : total porosity

The neutron density approadt worked better in the marine sands,

but was not really good. These sands also contain the clay minerals

in laminae. A model inoorporaring the laminated clay distribution in

these sands might yield better results, but was not further

investigated. There is also a distinct possibility that the Rw in the
marine sands is variable.

9.0 Results.
In Figure 12 we show d1e resistivity and Qv logs. The resistivity is

fully correCted for bore hole dfeas and thin bec!- dfeas. The Qv is

calculated using d1e medtod shown in Figure 11. In this case the

slope of die line was calculated from die T/K ratio as a continuous

function.

Fif-15: c-,..,;-1I/0iJ ~ ft- the w-.n-Smitf
-J,l.". ft- .-. CtIpiII.ry ~ ~

In FIgUre 13 we show dte evaluation results. using me Waxman-Smits

mood. for me upper and lower sands from two wells. Two sccrion.~
are combined. The first well. to me left, shows a smalI gas cap at me

top. dte second well. to me right jUSt reaches me free water levd at me
bottom. The wells are joined in me middle.

In FIgUre 13 we show me neutron-density porosity log. The various

colours indicate me saturation of fluids filling it. light blue indicates
me saturation of day bound water (Scb) as calculared using me Klein.

Shirley and Hill equation (12). Dark blue indicates me saturation of
mobile water. The mobile water saturation follows from dte difference

in dte total water saturation (Sw) calculated using me Waxman-Smits

mOOd and me day bound water saturarion as Sw-Scb. Green

indicates oil and ted indicates gas. It is apparent that there is only a

very smalI amount of mobile water in me reservoir. VIrtually no water
is produced from eimer weIl.

In Figure 14 we show the evaluation results, using the Dual Water

mOOd, for the same intervals. The colour ~ i. di~r in th~ =",-
to illUStrate the incongruous results. Now dark blue indicates the

satUration of the total amount of water. Li!hr hlu~ plus d2rk hl~

indicate the satUI2tion of clay bound water. This is apparendy

everywhere larger than the total water saturation. In this Dual Water
model evaluation we must use a diffetent value for Qv. We use

equation (16) to calculate the term BQv from logs in the water zones.
Because B is diffetent so must Qv be diffetent. We also used the

corresponding fno and no values as obtained from the laboratory
experiments. The fact that the irreducible water saturation is

significandy ~ than the total amount of water clearly invalidates

A good evaluation should yidd water saturations that are in

accordance with Capillary ~ data. As the oil is rather light and
the tempemure rather low, the conversion ofHg-Cap Cwves to fidd

conditions is not diffiallt. In FiguR: 15. we plotted Cap-~
S-oil venus WS-modd S-oil. The Cap ~ saturations were

calculated from avenged type auves. The scatter in Figure 15 is the

result from using avenged type curves, which are determined using

the porosity as the type parameter. Cap Cwves are hardly dependent

on porosity. but much more on pemteability. This will introduce the

scatter. Howr:ver, me slope of the conoelation line is dQr}y one. This
of co~ Should always be the case, when both types of laboratory

tests are performed cotrecdy.
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6.
10.0 Disa-ion.

The adapted WS-mOOd (only a different equation for the B-factor is

used) yidds good results for the sections with dispersed days. The
sections with laminated days should be evaluated using a mOOd for
laminated days. The marine sands may have another evaluation

problem: we now think that the resistivity of the brine in the marine
sands may be variable, because of poor lateral connectivity in these

seCtions. This possibility was considered as a solution in our attempts
to reconcile the water saturations derived from dectrlc l~ and cap

aIrves. So the evaluation of the marine sands is significandy more
complicated than that of the Aeolian sands.

Juhasz, I. (1979)
Trans. 2Od1 SPWLA loging Symposium, June 3-6

The Cen~ RDIe of Qv and Formation- Water Salinity in the

Evaluation of Shaiy Formations

Thomas, E.C.; (1976)
J. PetTccbn. SepL.I087-1096,
The Detennination of Qv from Membrane
Potential Measuranenu on Sha1y Sands.

7.

The DW-modd fails in fresh brines because it is intrinsically

contradiaive. By using only one geometric constant (F) it assumes
that the day is infinitdy fine dispersed throughout the pore space.

Ona this ~ption is made a layer of day bound water can no

longer be assigned to the clay, because this would 6ll the whole pore

space with day bound water. A geometric mood allowing for a day

boWld Water layer needs tWO additional geometric constantS and is

too.--unwidd~~ become p~. Furthermore,_tl:!c~_-~
notion of a constant brine raiStiVity within the day bound water iS~

not supported in the literature, not even in the literature quoted by

CCD (Ref3). CCD arrived at their conclusion from observations in

shales. However, most often it is found that the salinities in shales is
within 1/4 to 1/2 of the salinity in the associated sands, while it is

much higher very dose to the sands. Furthermore, CCD extrapolate

this unsubstantiated notion from compaCted shales to dispersed days.

The WS-modd is not irteft:agable either. It is valid only for infinitely
small amounts of dispersed day. However, realistic amounts of day

att still well described using the WS-modd. All deficiencies pale wim

~ to me inaccuracy in estimating Qv from logs.

Rw < 0.3

Rw>O.3

VQ = 0.3 cdmeq

a-I
a = I + 1.44I*(Rw - 0.3)213

The last equation is our fit to the data given in Re£ 3. a describes the

expansion of the double layer at the clay surface with decreasing salinity.

The two terms on the RHS widt Qv can be combined, resulting in:

Co - [Cw + (fi - a.TQ.Cw) Q.v]/Fo

We now divide the LHS and RHS by Cw:

Co/Cw = [1 + (P/CW - aTQ> Qy)/Fo (A3)

Replacing me conductivity by me resistivity (R-l/C) we get:

Rw/Ro = [1 + ~Rw - avQ> Q.v)/Fo
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4.
Inverting this equation yidds:

Ro/Rw - Fo/[l + (~Rw - avQ> Qv]
Klein, G.E.., Hill, H.J., Shirley, O.J. (1979)
The Log Analyst 20, May-June
Bound W81er in Sbaly-Sands, lIS relation IX) Qv and Odter Fonnation

Properties. We take me faCtor Rw outSide of die brackea to get:

So Ferd. W:H.. R1IboYea. N.. (1981)

D--Adas Rcprint 12/81 2m 9454
Digital Shaiy-Sand AnalyIiI Bued on

Wmnan-Smia Model and Log Derived Oar T )'ping.

Ro/Rw=Fo/[l + Rw(~ - av~w) Qy] (A6)
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ApperJdJxA.
In me original paper introducing the Dual Water mood, the aumors

. present their mOOd as equation (12), whidl we reproduce here as

equation (AI):

Co - [(1 - avQ. Q.y)Cw + P . Q.y]/FO (AI)

With
P = 2.05 cc/meqiOm



The Dual Water model gets its nwnerical values for 'Y and ~ in
equation (11) from a curve Dt to WS-datashown in their Figure 4 and
our Figure AI. The curvature in me group (I) data, is attributed to me

effect of clay bound water. The data is fitted using:

This may be written as:

Ro/Rw = Fo/[l + RwBo Qv] (A7)

widt
Cox . pQ.y/(1 - -yQv) (AIO)

Do . (~ - IXVc:tfRW) (AS)

as (1 and VQ always appear as their produa we have replaced mem by

one symbol -y to get:

Bo . (J3 - -y/Rw) (A9)

Equation (12) in Ref (3) is IeWrinen as equation (13) to show. that if

F 0 is independent of Qv. men F* must be dependent on Qv and vice

versa. However. for these samples me effeCt appears only ~ very high
values of Qv. where the shale content must be very ~ and me po~

geometry of the samples can not be the same as for low Qv-values.

The aumors did not have access to me limological description of the

samples and did not realise dtis limological eKect. FUrthermore, in our

Ftgwe (3) we show that me DW-modd mo depends mucl1 Stronger

on Qv ~ m*. This is in Strong contrast wim Ftgwe (3) in Ref. (3).
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Fill- Al: BQv tJmU1 Qv for WS..Jat4 fttmt uPUP I /lIIJ uPUP II, as
ptIblishetJ in Rej(2) /lIIJ Rej(3) (~ieJ).
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Where 'YQv is interpreted as the &action of clay bound water. This fit

is me only source of me values for ~ and 'Y. and is the crux of me DW

mood. ~uation (AIO) is inco~ First, the cffca is due to a

~ce in lidloiogy at high day concenu. Waxman and Smiu

~ctcd mcir fit to Qv values below 1 wim me asswnption that m*

is indcpcndcnt of Qv and Rw. If m* is not constant. men me ws..

Figure (4) is inco~ Thus. me fit used in the DW-modcl would be

inappropriarr; and me DW-modcl would not hold. If m* is constant.
me DW-modd is not co~ per $C. So. me DW mOOd is based on an

inco~ asswnption or inco~ data.


