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1.0 Introduction

We exanine here the use of gravity, magnetic, electrical and
electronagnetic surface and subsurface surveys and conventional wire-1ine

foyging in waste repository site evaluation, when the site is located in a

bedded basalt formation.
Basalts are volcanic rocks {extrusive igncous rocks) deposited on the

earth's surface. Basalts typically are extruded as flows and individual flows

differ widely in areal extent, thickness, texture and structure in addition to

mineralogical variations. Areal coverage and thickness of a particular flow

will depend on the amount of material extruded, the size of the vent and its

location and the topography of the earth's surface in the region. Basalt
flows having large arcal extent and thickness occur where extrusion was on

several long, vents in regions of low topographic relief rather than where

extrusion was fromn a volcano. The basalt filows of the Colunbian Plateau are

exanples of former occurrence {Hyndnan, 1972; Benson et al, 1978).
Geophysical nethods such as gravity, magnetics and electrical resistivity

- . - - . b
are designed to measure various rock properties or changes in rock properties

such as density, magnetic susceptibility and electrical conductivity. These

properties way, in turn, be related to other rock properties. Electrical

conductivity in most rocks, and prabahly in nearly all basalts, is dependent
on fluid filled porosity and conductive minerals such as clays and wetallic

winerals. The porosity in basalts is largely due to fractures, and vesicles;

both structures comnonly contain conductive fluids and/or minerals. Basalt

flows cownonly develop vesicular structures at the top and botton of the {lows

which produces significant porosity but Tittle perwcability. The vesicles

conronly becone filled with winerals after the lava has been deposited. The



nineral filled vesicles are called anygdules and the winerals are typically
quartz, calcite, chlorite and zeolites. The chlorite and zeolites can affect
electrical conductivity. Many basalt flows develop columnar joints upon
coeling. These joints create significant porosity and large perpeability.

Erosion of and/or sedimentation on flows may create irregular topography
and sedimnents between flows. These processes cause departures from an
unifornly layered basalt sequence. Volcanism typically occurs in regions of
high tectonic activity and significant faulting, and/or folding of flows can
occur before new flows are deposited. Gentle, open Fo1din£ of older basalt
flows occurred in the Colunbia Plateau and the synclines were filled with
later flows (Hyndwman, 1972). Again, a departure from uniformn layering occurs.

Basalt contains magnetite that both gives. the rock significant magnetic
susceptibility and results in remnanent magnetism polarized by the earth's_
nagnetic field direction at the tine of deposition and cooling through the

Curie temperature. The earth's field direction has changed often throughout

geoloyic time and a sequence of flows will depict these changes. The mnagnetic

fields due to the remanent magnetisn is often greater than the induced

nagnetic field. These magnetic properties can be exploited in field surveys.

The flood basalts of Oregon and Washington, called the Columnbia River
Basalts, are distinct since they arose from a swarm of north-south Lrending

vents. The flows covered a gently sloping plateau, range from 50 to 150 feet

(15 to 50 neters) thick and traveled 50 to more than 100 miles (80 to 240kn)

fron the vents. Hence, these flows comne closest to a bedded scquence of

rocks. A gently sToping, well-developed erosional surface separates the

earlier Picture Gorge basalls fron the Tater Yakima basalts. The later flows

filled in Yarge open folds forued in earlier flows; and in river channels.



Lake, river and alluvial deposits developed between these later flows. Tops
of many flows are typically covered with a few inches {cn) to more than

15 feet (5 meters) of jagged fragwents of lava and clinker {aa type). This
sort of information is essential to design and to interpretation of

geophysical surveys. Additional detailed geologic data are also iwportant as

re

will be demnonstrated Tlater.

2.0 Gravity and Magnetic Methods
2.1 Objectives
Gravity and magnetic methods can be used on the surface, above the
surface and in the subsurface to obtain data useful to repository site
evaluation, These two methods can be ﬁsed on a reqgional basis or for detailed
studies.,

On a regional basis the techniques can help determine the size and depth
of the basin containing the bedded rocks., In some instances, the data can be
used to detefnine lateral and vertical departures from a uniform layering of
the formations. The measurenent of remanent magnetic polarization can help
correlate particular flows; this information can assist in determining
structure and can deternine area extent and uniformity of thickness of a
particular flow. Aeromagnetic- surveys are useful for mapping structure and
rock types.

In a unifornly layered basalt sequence neither gravity nor magnetic data,
except in the borehole, would provide useful information.

2.2 Resolution

Both the gravity and magnetic wethods suffer from a problemn of

non-uniqueness, Change in size and density of a body can produce



indistinguishable changes in measured data.

To illustrate, we can exanine the expression for gravitational attraction

of an infinite slab

Ag = 2n Gp Ah
= 0.04188p mngal/m
where Ag = change in gravity, mgal
ah = thickness of s1ab; meters
G = gravitational constant
and p = density, gn/cc

It is clear that Ag depends on the product pah which means these two variables

can not be distinguished from a measured value of ag. This problem still 4

exists in more coaplex problemns.

However, in more complex problemns, the forw {shape) of plotted gravity
data can qualitatively determnine jocation and nature of buried structures such
as faults and folds or buried topography. Given accurate values of ah or
o from surface mapping or drill holes it may be possible to model the
subsurface feature., However, anomalies may be on the order of a few ngals.

Accurate survey data are essential and good terrain corections must be made to

ensure good interpretations.
Magnetic data interpretation has identical problems to gravity data

interpretation. Examnples of faulted horizontal beds for both methods can be

found in Telford et al, (1976). We give our example in Figure 2-1 where two
buried horizontal beds have been offset by a vertical fault. The beds have a

.2 and .15 gn/cc density contrast to surrounding rocks and a 500 and 1000 cgs

magnetic susceptibility contrast. The top layer has a .lkm thickness and we
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have conputed results for a second layer thickness of .1km and .2km. The
results show that careful surveys would delineate the fault but resolution of
the fault throw and bed thickness would be difficult.
3.0 Electrical Measurements
3.1 Electrical Properties of Basalt
3.1.1 Effects of Porosity, Pore Water Conductivity and Surface
Conductivity
At temperatures typical of the upper crust, most silicates are very
good insulators and the electrical properties of rocks are deternined by the
effective pore fluid conductivity and the pore geomnetry. When surface
conduction effects (on silicates, and especially on clays and zeolites) are

not important, a simple relation (Archie's Law) describes the electrical

conductivity,

G?'#;jﬂ Tt 3-1

where = rock conductivity

= pore water conductivity

= fractional porosity

RN

® = tortuosity exponent {1<{m<2)
The exponent m describes the efficiency of the pore water gecmetry; for
straight ﬁores m=1, in porous granular media m is near 1.5 and in Tow porosity
media m tends to values near 2.
Surface conduction results from the interaction of the silicate surfaces
with the pore water. AL Lhese interfaces an electrical double Tayer forms,
which has an enhanced electrical conductivity comnpared to the bulk solution.

The importance of this surface conduction depends on the ratio of the surface



area to the volume of the pores and the'concentration of the "bulk" pore
water. Surface conduction effects can also be enhanced by the presence of
clay minerals and zeolites which have exchangeable cations that can diffuse
into the pore solution. A simple rock model which includes the effects of
surface conduction, is

Tr =0 {0y +03) =gpn Terf 3-2

where CT; = contribution from surface conduction or clays

Cr;ff = "effective pore fluid” conductivity
This model uses the samne geometric factor %ﬁﬂ) as Archie's law. In Toﬁ
porosity, large surface area to pore volume rocks, the effective pore water
conductivity can be 10 to 50 timnes larger than the bulk water conductivity
when saturated with solutions of low (<10-2 qoles/liter) ionic strength
{Madden, 1974). VWhen clays or zeclites cause the surface conduction the

Waxman-Snits model (Waxman and Swits, 1968) can be used, where

Jd = BQv 3-3
B = conductance of the exchange jons
B = 3.83[1- .83 exp(-9%2)] (%.91?1;5?{) 3-4
Qv = concentration of the exchange ions per unit pore
volume {equiv/liter) |
The clay-zeolite ion concentra;ion {Qv} can be déternined from
Qv = Vepe CEC/100 @ 3-5
where ve = volume fraction of clay or zeolite
pc = density of the clay or zeolite (g/cm3)
CEC = cation exchange capacity (milliequiv/100qg}

Typical values of the CEC for clays are in the range from 10 to 100.

We can use these expressions and some typical data on basalts to



investigate the influence of various factors on the electrical properties,
Apps et al. (1979) report sone estinates of porosity; for "dense" basalt it is
1 percent, for vesicular basalt it is 5 percent and for basalt with clesely
spaced fractures - 10 percent, Neutron porosity logs in the above reference

show large porosities (>30%) in betwean flow units and Tow (<5%) porosities in

flow centers. Since the neutron logs are not calibrated for basalts these can

only be laken as indications of relative porosity changes. Induction logs in
the basalts show low resistivity (10's on) zones between flow units, in the
interﬁeds and flow tops, and high resistivity (500 to 1000am)} within the
central portions of the flow units. Benson et al. (1979) report some data on
groundwater showing the fonic strength to lie in the range fron 10-2 to 10-3.
Using Archie's law (equation 3-1) and an ionic strength of 3 x 10-3 the
predicted resistivities for dense (3% porosity) basalt and flow tops (30%
porosity) is much larger than the values estimnated from the induction logs.
On the other hand, we can use the estimated resistivity and porosity {dense
basalt - 1000am and 3%, flow tops - 20Qm and 30%) along with equation 3-2 to
deternine the effective pore conductivity and the effective pore ionic

strength. For dense, low porosity basalt the effective conductivity is 1

mho/m which corresponds to an effective ionic strength 0.1. This is 33 times

-

larger than the midrange of the groundwater, so surface conduction effects

!
must be important. In the high porosity, flow top region, the effective

conductivity is 0.3 vho/m corresponding to an ionic strength of .03. This

value 1s still three times larger than the maximum groundwater ionic strength

and therefore, even here, other conduction effects must be inportant. In this

high porosity region, clay-zeolite conduction is a likely candidate. Using

equations 3-3 to 2-5 the estimated clay-zeolite content would be about



10 to 15 percent. These values are probably not unreasonable.

3.1.2 Effects of Fractures

On a larger scale, the -order of neters, macroscopic fractures
can play a role in the conduction process. The conductivity parallel €71) to

a series of plane fractures is given by

011 = 0p + (6F -TB) vf 3-6

where (7; = bulk conductivity of unfractured rock
JF = conductivity of the material filling the fracture
and yg = fractional volune of the fractures

Fractures in rocks often occur in nearly orthogonal sets and if we assume
sinilar crack filling and average widths for the individual mnembers of the
sets (isotropy}, the effective conductivity will be approximately '
Geff xGp + (IF - 0p) 2/3 Vf 3-7
When the fractures are compietely filled with silica or calcite, the fracture
conductivity wiil be Tike that of the unfractured rock and the overall effect
on the conductivity will be small. 0{n the other hand, if the fractures are
open and water filled or are filled with clays or zeolites they will tend to
be much wore conductive than the unfractured rock. QOne mneasure of the
effectiveness of fractures in increasing the conductivity is the critical

fracture volume (Vf*) at which point the contribution from the fractures
equals the contribution from the unfractured material. From equation 3-7 this
happens when

3-8
With water filled fractures and an ionic strength of 3 x 10-3 the fracture

conductivity is about .03 mho/m and the unfractured basalt conductivity is

about 10-3 mho/m. The critical volune fraction would then be .05 (5%). For



clay or zeolite fracture filling, we can use equations 3-3 to 3-5 to estinate
the fracture conductivity. With a 50 percent clay or zeolite filling, the
fracture conductivity is around .5 mho/m. The critical volume fraction is
then much smaller, around .003 (.3%).

In evaluating these fracture volume fractions, it is instructive to
consider then in terms of some measure of the fracture density. Consider, for
exanple, a one meter bTock of material with a total of n fractures
(in 3 orthogonal sets) of average thickness t meters. The volume fraction of
the fractures is then approximately nt. For an average fracture thickness of
10-3 m and a critical volumne fraction of .05 {the above example for water
filled fractures) the total number of fractures is 50 and the average distance
between thew in any direction is about 6cm. This would have to be considered
as a highly fractured rock. 1In addition, the fractures are relatively thjck
and open, so this rock would have to be rather incompetent as well.

With clay or zeolite filled fractures, the critical volume is .003 and
the number of fractures reduces to 3 with an average separation of 1m. This
night be considered a réasonab?e fracture spacing in the more massive portions
of a basalt flow. Although the fracture thickness (10-3m) might seem a bit
large, we are considering not only the fracture itself, but the alteration

-

zone adjacent to it. Decreasing the fracture thickness would increase the

nunber of fractures and decrease the average fracture spacing.

3.1.3 Conclusions

In Tow porosity, unfractured basalt, surface conduction along
the very small pores and microcracks is the dominant nechanism in determnining
the bulk resistivity. Under these conditions, the resistivity can be

relatively insensitive to the pore water ionic strength so long as it is



relatively Tow. 1In the flow top regions, increased porosity reduces the
reststivity but even here surface conduction due to clays and zeolites is
probably very important,

Considering the effects of large scale fractures, it is unlikely that
open water filled fractures play an important role as the required volume
fraction and the fracture density seen excessive. Fractures filled with
calcite or silica are likely to be similar in conductivity to the bulk rock
and as such would not strongly affect the overall resistivity. If the
fractures are filled with clays and zeolites, which seens likely (Benson et

al., 1979}, then the increased surface conduction reduces the required volumne

fraction and fracture density to more reasonable numbers.

3.2 Resolution - Surféce Electrical Surveys over a Basalt Sequence
.Electric Togs in bedded basalts show high resistivity zones
(100-1000am) due to dense basalt layers, interspersed with low resistivity
zones (10's am) due to porous flow tops and interbeds (Apps et al., 1979).
The resistive zones can bé as thick as 50 to 1007 and the conductive zones are
typically a few to ten meters thick.

Small scale measurenents, such as the borehole Togging techniques, can
measure the response of the individual beds but Targe scale measuremnents {(on
the scale of the beds) will 7nostly measure average properties of the bedded
sequence. Yith surface DC resistivity techniques, 1arge scale measurements
are required to provide large depths of exploration. With mnagnetotelluric
neasurenents, the skin depth determines both the depth of exploration and the
scale size of the averaging. The practical result of these considerations is

that for surface measurevnents, the depth of exploration and the scate size of



measuremnent are proportional.

As a demonstraticon of this averaging, consider the model of Figure 3-1
which consists of a sequence of four conductive beds, 10m thiék and three
resistive beds, 1007 thick. The dipale-dipole (a=500m) sounding curve in the
save figure shows a nearly flat response with an apparent resistivfty sTightly
over 200am. It is obvious that at this scale the dipole-~-dipole measuremnents
do not resolve the individual beds. 0On & large scale, & bedded sequence can

be characterized by the average horizontal resistivity (pn) and the average

vertical resistivity (py) where

ti/2ti/pj 3-9
3-10

Pn

pv = Ttipi/rty

)

For the sequence in Figure 3-1, p, = 1060m and py = 4420m. The DC resistivity
techniques cause currents to flow in both the horizontal and vertical
directions so the measured apparent resistivity should fall between these

values. The RMS resistivityfpypn 15 21601 which is slightly less than the

neasured apparent resistvity.

Dipole-dipole or Schlumberger neasurevnents made on a smaller scale could
resolve the first few beds but to cbtain greater depth penetration, the scale

size must be increased and the resolution of the individual beds will

dininish, )

Given this difficulty in the resolution of the individual beds in a
sequence one can still inguire about the detectability of changes in the
sequence. Figure 3-2 shows a mnodel with an individual resistive bed and its
porous, conductive top, offset ?erticai]y by a distance equal to its thickness
(100m). The depth to the top of the bed is 500m and the 200en material

represents the average properties of the bedded sequence above and below the
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particular Tlayer.

The model calculations show some small variations (Jess than a few
percent) on either side of the fault but these are not large enough to be
diagnostic. Therefore, faulting at depth in such a sequence is not Tiable to
be detectable.

Figure 3-3 illustrates the detectability of a conductive region below the
modeled basalt sequence. Here, the conductive region at a depth of 1.Zkm

causes about & 50% reduction in the apparent resisitvity values at the largest

n spacings {compare Figure 3-2 and 3-3}. Moving the conductive zone deeper

reduces this effect until at a depth of around 3kwn the effects are less than a
few percent.

The nodeis presented in Figures 3-2 and 3-3 can be scaled up or+down to
provide model results for other surveys. For example, Figure 3-3 can be
scaled up {2X) to 1km dipoles in which case the resistive bed is at a depth of
1kn and the conductive half space would be detectable at a depth of 2.4km.

The prob]en of resolution of an individual bed in a sequence using the MT
method is illustrated in Figure 3-4. The wnodel again consists of an
alternating sequence of thin conductive beds and thick resistive ones. As
frequency decreases, the apparent resistivity rises to a value just above
100en and remains relatively constant. For frequencies below 103Hz, the
apparent skin depth is greater than 150m and the measured effect is being
determined by the average characteristics of the sequence. In the cne
dimensional MT case, the current flow is horizontal and the apparent

resistivity is close to the horizontal resistivity given by equation 3-9. ..

Figure 3-5 shows the results of model calculations used to investigate

the effects of changes in the sequence. In the model, one bed in the sequence
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Fig. 3.3 Dipole - Dipole Resistivity over the same model as Fig. 3.2 wiih the
exception of anunfoulted, canductive Tayer at depth
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1s singled out (bed #2) and the rest of the sequence is represented by a
nediun of 126am resistivity, which approximates the average characteristics of
the rest of the sequence. The above nodeled basalt seguence overlies a low
resistivity zone (10am) representing conductive sediments and a moderately
resistive (500m) half space, representing the basement., If the 3km basalt
sequence is homogeneous (p? ~* 1260m, curve a), we see the effects of the
ynder]ying conductive material at frequencies below 3Hz. The nature of the
curve, flat at high frequencies decreasing to a wininum and then rising again,
indicates that all the major electrical units of the model have been detected.
Curves b and ¢, in Figure 3-5, show the effects of decreasing the conductivity
of the second layer. Reducing the layer resistivity to 50em produces only a
10 percent decrease in the apparent resistivity measured at the surface,.
Decreasing the layer resistivity to 10em, produces a larger effect, about
25 percent, and the effect is pronounced‘over a large frequency intervat. In
order to investigate the resolution of these layers, the data from these
nodels was contaninated with 10 percent randomn noise to sinmuiate field data,
and the noisy data was inverted. The inversion model was the same as the
theoretical model with the exception that the resistivity and thickness of the
second layer was allowed to vary. This is certainly the best case for the
resolution of the second 1aye;.paraﬂeters, as it.assunes that the fixed
parameters for the other four Tayers are well known from some external
constraints.,

With these constraints, the inversion process gave, for the sinulated

data of model b(pp = 50am, tp = 100W) a second layer resistivity of 60+34am

and a thickness of 95+101l1n. The correlation coefficient between these two

naraneters was moderately large {-./3). Tlhe sign of the correlation



coefficient indicates that the conductivity thickness product of the second
Tayer largely determnines the response. In the case of model C{p2 = 109,

tr> = 100m), the inversion gives a second layer resistivity of 14+100m and a
thickness of 143x17227m. The correlation coefficient for these parameters was
-.99, which indicates that only the conductivity thickness product of this
layer is important. The true conductivity thickness product was 10nho
conpared with 7.3 for the inverted parameters. The results of these mode]l
tests show that whiie gross changes of one Tayer in the sequence can be

detected at the surface, the resoiution of the paramneters of the perturbed bed

are not high and equivalence probliemns are present.

3.3 Resolution - Subsurface Electrical Surveys in Horizontal Boreholes
in a Basa]t'Sequence
Horizontal boreholes in or near a basalt layer provide another
dimension for the use.of electrical techniques. Conventional logging
techniques are well suited to detecting contacts that intersect the borehole
or inhomogeneities that are very close to the borehole. Larger scale
electrical measurements have the potential to neasure effects from regions
further from the borehole, but as noted previously increasing the range of
éxp1orati0n atso reduces the resolution of small scale features,
As an exanple of the use of larger scale electrical measurements we will
consider dipole-dipole measurements carried out in long horizontal boreholes
The basic model consists of a relatively thick, resistive basalt

or drifts.

layer enclosed by thin conductive layers representing the interbeds and Lhe

porous flow tops.

The scale of the models are given in units of the dipole length a. THost



of the models have a thick resistive layer 2a thick and if this is taken as
50 meters then the dipole ]gngth would be 25 meters. The layer is assumned to
be deep enough (1km) so that effects from the air-earth interface are
neglected. The plotting of the data in the apparent resisfivity pseudosection
is illustrated in Figure 3-6. The n separation is the number of dipole

Jengths between the transmitter (Tx) and receiver (Rx) dipoles.

Figure 3-6 shows the results for a survey carried out in a horizontally

honogeneous sequence. The difference between models A and B is in the

tocation of the horizontal borehole. BRoth of the pseﬁdosections of apparent
resistivity show horizontal contours, indicating variations in the vertical
directions only. The low values at n separations of 5 to 7 are caused by the
conductive beds on the top and botton of the resisitive flow unit. When the
survey borehole is offset fron the center of the resistive bed model, B, thé
apparent resistivity values at small n are reduced and the values at large n
are increased. However, the form of the pseudosection contours, and the
values, provide no direct indication that the borehole is offset from the

center or in which direction it is offset. Some independent information would

have to be provided (or assumved) in order to intelligently interpret such

data.

The detection of inhomogeneities, in the vicinity of the borehgle, is

another possibly important use of larger scale measurements. Figures 3-7

(Models A and B) show the results for a horizontal survey in a model that has

offsets (faults) in the layered structure. The offsels produce reasonably

large perturbations in the pseudosections, but again the effects from above

and below the borehole are mapped into one dinension (the n separation) in the

pseudosection. Note also that the effects are most pronounced when Lhe
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neasurenent system spans the horizontal position of the inhomnogeneity. As
additicnal examples of inhomogeneities, the jode1s in Figure 3-8 show the
effects of a very conductive zone in the interbed (Model A) and a thin
vertical conductor (Model B) representing a fault zone. In both cases the
perturbation in the pseudosections are appreciable compared to the homogeneous
case {Figure 3-6).

The direction of a fault zone within the probed resistive bed is
investigated in Figure 3-9. When the array traverses the fault there is a
very large effect, but obviously any conventional logging technique would
detect this contact. The real question is whether the measurements could
detect the contact before the borehole intersects it. To consider this case
we must Timit the data to the region left of the diagonal marked in the figqure

(last dipoTe is 3 to 4). The only sﬁggestion of the fault is the increase in

the apparent resistivity along this diagonal. Comnpared to the horizontaily

honogeneous case (Figure 3-6) this is a moderate perturbation (25 percent) but
in a more inhomnogeneous setting the detection of such a feature would be
difficult.

The final model (Figure 3-10) is meant to represent measurements on a
smaller scale. In this case the borehole is very close to the top contact
surface. The scale size a might be 5 meters in thch case the borehole starts
off 5 veters from the contact with the conductive zones
(each 2.5 meters thick). The pseudosection in Figure 3-10 shows that the
approach of the contact zone produces reasonably ltarge perturbations.

These models show the usefu?nessiof refatively Targe scale measurenents

in horizontal boreholes or drifts. Since the scale of the mneasuremnents is

large, only large scale features can be detected. In practical cases of
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interpretation the anbiguity of effects produced from above and below the
borehole are liable to be serious. Also, the maximum effects are produced
when the array spans the horizontal position or projection of the
inhomogeneity. Therefore, the use of horizontal borehole measuremnents to
anticipate the intersection of inhonogeneities must be based on more subtile
(generally lower magnitude) perturbations in the pseudosections. Vertical

drill holes and shafts and hole to hole measuremnents should provide slightly

better resolutions.

4.0 Conventional Wire Line Logging
4.1 Objectives
The principle objectives of wire line logging were outlined in a
-previous report (Si11 and Glenn, 1980). Table 3 from that report is shown
here as Table 4.1. The table is arranged to note the rock property of
repository site neceded to be measured and the tool{s) most suited to measuring
that rock property. Problems associated with accurate measuremnent of these
properties, i.e. layered bésa]t with coﬁventional wire line logs, will be
exanined.
4.2 Calibration
Most use, experience and calibration of logging tools is in rather
sinple sedimentary rocks,-1imestone, dolomnite and sandstone, and in petroleun
exploration {Waller et al., 1975). Logging in igneous rocks has been limited
and reported studies that included basalts are rare. Most logging in basalts
has beén in ninerals and geothermal exploration. The DOE/DGE Loy
Interpretation Program has funded a small caliﬁration facility located at The

Federal Center in Denver, Colorado (Mark Mathews, pers. comn.). The



calibration rock types are granite and bésalt.

Nelson et al., (1979) established a granite block calibration for a
neutron tool to be used ‘in the Stripa waste sforage site evaluations. Nelson
(1979} discusses a number of difficulties associated with the tool
calibration, The logging at Stripa was in granite and high grade metamorphic
rocks,

Glenn and Hulen {1979), Sanyal et al. (1979), Benson et al. (1979), Keys
{1979), and Glenn et al. (1980) report on conventional logs obtained in
igneous rocks., The Benson et al. (1979) report exanines logs obtained in

several drill holes at the Hanford, Washington site under study by DCE. The

other r;ports consider logs obtained in geothermal or dther drill holes.
Helson and Glenn (19?5jdand Glenn and Nelson (1979) report on use of Togs in
base mineral Togging and one rock type studied was an andesite which is a;
volcanic rock close to basalt in comnposition. In every study, concern about

calibration was noted. The Nelson and Glenn {1975), Glenn and Nelson {1979)

and Glenn and Hulen (1979) papers describe attempts at calibration of tools in

igneous rocks. Edmundson and Raymer (1979) report on radiocactive tool
response in cownon minerals; many ninerals discussed are found in basalts.

The results are calculated, not measured, and are for Schlumberger tools. Not

all service comnpany tools perforn identically. Indeed, service comnpanies have
several tools in one generic category, such as neutron tools, and each tool
has a distinct calibration. In the next section we will examine the

calibration of tools listed in Table 4.1 and how it 1imits the rock property

neasurenents also Tisted in Table 4.1.
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TABLE 3

CHARACTERIZATION OF LOGGING TOOLS

Tools

neutron, density,
acoustic, {resjstivity)

Flow tools {production

logging tools)

temperature, Tithology
determinations, density
and porosity measurements

high resolution gamma ray-

spectroscopy

all the above

resistivity, SP, gamma
ray, magnetic suscepti-
bility, neutron and
density, gamma ray
spectroscopy

fracture mapping teools

such as dip logs and
seisviewer

most 1ithology tools

Objective:x

to satisfy

to satisfy

to satisfy

to satisfy
and 4

to satisfy

to satisfy

criterion

criterion

criterion

criterion

criterion

criterion

Problems

calibration, resolution
flow measurements may not

~ be possibie. -

resolution

resolution
calibration, resolution

not always distinct
1ithologic response

resciution

thin bed resolution



4.3 Resolution of Rock Properties

1.3.1 Density

The most. comnon tool used to measure the bulk density of
rocks in boreholes is the gamnma-ganma tool. That tool uses a source of gamnma

rays (for example Cesium 137 which emits a .662 Mev gatna ray) and measures

the scattered gamma rays fron the formation. The gamnna rays interact with the

electrons of each element of the rock. The density is directly porportional

to the atomnic weight (sum of neutron and protons) of the elenent present. The

number of electrons equals the nuwber of protons, the elemnent atonic nunber,

Z, and only in lower z elements are the nunber of neutrons and protons in the
.

element nearly equal. Therefore, only in Tower z elemnents is the ganma ray

scattering of electrons directly proportional to the density. For higher z

elevents the denstiy is underestimated by this technique. Also, in density
Togging, tools are operated to measure ganna ray energies in the Conpton
scattering region since most elevnents have near equal ganma ray absorption
coeficients in this region. However, again, higher z elements have
significant photo-electric absorption coefficients in the region of

seasurenent. Hence, in the presence of heavy winerals (i.e. heavy elements)

density toels are often inaccurate. Many tools used today are conpensated

-

tools that utilize two detectors and from a conparison of counts in the

detectors make corrections for borehole affects. The heavy wineral effects
can adversely alter this correction (Welex, 1979).
Assuming accurate tool measuremnents and appropriate borehole corrections

are made, the porosity s calculated from

z
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2
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Note that in order to compute porosity from equation 4-1 it is necessary to

and

know the grain and fluid densities. The fluid density is near ane for pure
water and increases with total dissolved solids content. Therefore, it is
typically easy to measure or to estimate. The grain density may be obtained
from measurements wmade on drill chips, core or surface samples. A Tess
satisfactory method is estimate grain density from knowledge of the rock type.
For basalt the grain density is about 3.00 grams/cc.

The most common approach to this problem is to crossplot density data
with other "porosity" tool data and determnine various rock properties from
data slopes and intercepts. This approach will-Dbe exanined later, |

A second tool used less often for density measurenents in a borehole is
the gravity tool. This toocl requires at least a 11.5cwm (4.5 inch) dianeter
borehole and the heole should be cased before a tool is run into the hole., The
ganna-ganna density tool is pulled continucusty whereas the gravity tool is
stopped in the borehole for measurements. The borehole gravity tool takes
wore time and is more costly to operate but it neasures the bulk density of a
large volume of rock. The density tool is influenced by rock out from the
borehole only about 20cm (8 inches) and along onty one side of the borehoie.

The density can be determined fron borehole gravity by the following

equation

3.687 - 128.56 ag/az 4-2

1

Pb



where Ag is the gravity difference between two borehole readings Az meters
apart. The gravity data nay need corrections for terrain effects, drift,
tidal effects, non-vertical holes and inclined formations. It is also
possible to compute a borehole Bouquer anomaly (Snyder, 1976}. The
1nterestih9 feature of this aproach is that in the absence of any 2-D or 3-D
effects the free air and Bouguer corrections can mnatch the change in gravity
with depth. Any departure from these values indicates near borehole changes
in density.

Since nuch of the porosity in basalt is due to fractures, the gravity
tool would have a clear advantage over the density tool for neasuremnent of
rock bulk density. Also, the gravity tool is less influenced by borehole
effects which are conmonly large for the.density tool opposite fractures since

fractures - tend to Tose material into the borehole, thus enlarging the

borehole.
4.3.2 Neutron Porosity
The most connon neutreon tools use a source of newtrons and a

detector sensitive to scattered therval neutrons. The neutrons are

thernatized primarily by collision with hydrogen atomns. The hydrogen atomns

are assumed to be entirely in the water molecule., It is further assuved the

water is in the pore space and with properiy calibrated tools the mneasured

thermal neutron popuiation is a measure of porosity.

There are several problens with this measurenent. First, the neutrons

can be thermnalized by collision with other atoms, although this affect is

small, and second the therwal neutron population is also a function of the

thernal neutron capture properties of the rock., The thermal neutron capture

cross section of sone elenents, particular somne trace elemnents, is quite high,



an order of magnitude higher than the most conmon elements in rocks. Allen
and Mills (1975) have exanined the thermal neutron absorption cross section of

several rocks and minerals inciuding a granite, a basalt and an olivine.

Their data is reproduced here,

Rock Type Lqnalmeas.) Ing(Chen. Anal.) Density
. __c.u., . C.u. .
Burnett Red Granite  22.0 + 1.0 . 11.5 2.64
Knippa basalt 33.2 + 0.8 22.b 3.12
No. Carolina 12.0 + 0.8 10.8 3.24
Olivine

Z3a is the macroscopic thermal neutron capture cross section in capture
units {c.u.). The table shows the measured values and ones calculated frén
the mineralogy of the rock. The rock densities are also noted. An important
result to note is that the measured value tends to be higher than the
calculated value and for mixed nineralogy the discrepancy is greater than for
a single mineral. Neutron_t001 calibration is in rather pure sedimnentary
rocks} limestone, dolonite and sandstone, that are comnposed of only a few
elenents. The fqg for these rocks is Tess than 10c.u. Edwpundson and Raymer
(1979) have published data relevant to Schlumberger radivcactive logging tools.
These data suggest rocks such as basa]f have cross sections dominated by the
nafic ninerals such as bictite, hornblende and chlorite. A second feature of
these minerals is that they are hydrous mninerals. The bound water in the
nineral structure would affect the neutron tool response the samne as pore
water. Figure 4-1 from Nelson and Glenn {1975) illustrates the correlations

of the bound water of hydrous minerais to the neutron Toy response. The rock
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type is diabase which is identical to basalt in comnposition.

Other tools that are commonty used to measure porosity are epithermal
neutron tools. These tools screen out the thermal neutrons and are sensitive
to neutron energies above the "thermal range". The assumption here is that
these tools are less sensitive to the high thermal capture cross section of

various elenents in the formation. Although these tools should mininize this

effect, they are still sensitive to the bound water effect. Also, some
elments such as iron have significant higher energy neutron capture cross
sections that could significantly imnpact either the thermal or the epithermal
neutron tools. The hydrous and non-hydrous mafic minerais that comnmonly occur

in basalts, 35% to 40% in the Columbia River basalts, can significantly affect

the neutron log response, Therefore, although the neutron log is scaled in

porosity units,'the neutron log may be depicting mineralogical rather than

porosity content of the rock. A cross plot of neutron log data versus other

1og data such as the density log data often allows a determination of the

nineral and porosity contribution of the logs. We shall demonstrate this
technique in a later section.

4.3.3 Acoustic

The acoustic log is considered to be a porosity log in many

fields of application. MWyllie et al. {1958) developed an emnpirical

relationship between acoustic velocity and porosity called the travel time or

tine average equation. This equation states
¢ 4t~ AL, - 4-3
4 —
t— 0L,

Where At is the observed travel time (reciprocal of the velocity) in




“1CV05900”d5/ft/LVSEC/ft ?;!JSEC/ﬂ), Aty is the rock matrix travel time and

and atf is the pore fluid travel time. 4ty will depend on rock type and aAtf
can change with the gquantity of dissolved solids. This equation was developed
for granujar, sedimnentary rocks but it has been used in other rock types

including fgneous rocks. Pickett (1973) modified the equation to be

4é- A, -

2 - 3

where B is an enpirical constant for the particular rock type.

Nelson and Glenn (1975) observed that in their experience with acoustic
lTogs in-igneous and metamnorphoric rocks the acoustic log responded largely to
fractures., An example from Glenn and Nelson {1979), Figure 4-2, illustrates a
good correlation between the acoustic travel time and RQD {Rock Quality
Designation) which is simnply a ratio of the total length of core piecés
exceeding 4 inches {10cm) in length to the total length of the core run,
typically 10 feet (3.1 meters). The RQD is a mine geonlogists qualitative
measure of rock competence. A RQD of 100% means all core pieces in the run
were greater than 4 inches {10cn) and the rock has few fractures. A RQD of 0%
Mmeans no core pieces were over 4 inches (10cm) and the rock has numerous

-

fractures. The example in Figure 4-2 shows & wide range in RQD and the

correlation to the travel time data is quite good. Hence, in basaltic rocks,

the acoustic travel time Jog would help locate fractures and indirectly yield
a measure of porosity since the porosity is largely due to fractures.

Several logging service conpanies can provide a continuous_]og that is a
recording of several hundred microseconds of the acoustic wave received in the

tool. This log allows cne to better map fractures using anplitude, a decrease
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in acoustic amplitude occurs in fractured rock, or using the character of the
wave train itself, Also, one may be able to pick the shear wave arrival off
this leog and in combination with the conpréssiona? wave arrival and bulk
density, one may compute the elastic paramneters of the rock (Myuong and
Helander, 1972). Although this technique is reportedly used, in repository
site evaluation it would be essential to calibrate the method for the rock
type present and to determine the effects of fractures on the computation.

The acoustic travel time data can also be used for creating synthetic
seisnograns which aid the interpretatin of surface seismic data, hole-to-hole
and hole-to-surface seismic data. These techniques are discuséed elsewhere in
this report.

A quite different acoustic tool is the borehole televiewer or seisviewer
(Zaﬂepek et al., 1970). Keys (1979} and Glenn and Nelson (1979) discuss use
of this tool in mapping fractures in igeous and metamorphic rocks. Like the
gravity tool, it needs at least a 4.5 inch (11.5cn)_dianeter borehole., This
tool, as well as all other acoustic tools require a fluid filled borehcle,
The seisviewer (TM. of Birdwell) requires a nearly circular drill hole and
works best if the hole deviation is not too severe. The data can be used to
deternine strike and dip of fractures and comnonly fracture width, Other

fracture 1ogs, dip logs, are best suited for uniform parallel features whether

they be fractures or bedding planes. \le believe in massive rocks such as

basalt, dip logs are not as definitive of structure as the seisviewer log.
An examnple of fracture features on a seisviewer log taken from Glenn and

Nelson (1979) is shown in Figure 4-3a. An equal area net plot of fracture

poles in one borehole is shown in Figure 4-4b. The north-east fractures, that

dip north-west, {poles plot in the south-east quadrant} were shown by other
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techniques to cohtro1 fluid flow in the rocks. The rocks were andesites which
are volcanic rocks, very similar to basalt in compostion.
4.3.4 Electric Logs

The most frequentiy used electric log is the dval induction
lTog with some third, focused, small scale electric log. The three Togs are
designed to look at different depths into the formation. The logs work best
in resistive borehoie fluids and in rocks that have resistivities less than
100 ohm-m. Most induction logs are recorded on scales to 2000 ohmn-mn, although
the accuracy of the measurement is questionable above 100 ohn-m -
(Schlumberger, 1972)}. 1In igneous and metamorphic rocks, the induction logs
-are comnmonly saturated, and this problem was cited in the earlier resistivity
section in a discussion of electric log data from the Hanford Reservation in
Washington. In most basalt environments, the dual laterlog electric logs
should be used.

Porosity can be deternined from electric logs using Archie's Law and this
technique was discussed earlier. Therefore, we will not exanine this
technique any further here,

4.3.5 Other Tools
Other logging tools are noted in Table 4-1 and will be
breifly examnined here. ‘

The magnetic susceptibility tool is a useful tool for logging in basaltic
rocks, The magnetic susceptibility can be used to identify and to map certain
rock units and can be used to assist in the interpretation of surface or
airborne mnagnetic data. HNelson in Apps et aI; (1979) gives exanples of this
log in drill holes at the Hanford Reservation, Washington. HNelson ohbserves

and we concur that this log should be a part of each logging cperation in a



basaltic repository site. The magnetic model used in Figure 2.1b was partly
constructed on the basis of data obtained ffon the Hanford logs.

‘The gamma ray log measures the natural gamna radiation of the rocks and
can be run concurrently with almost any other log. The natural gamma
radiation arises from potassium and uranium and thorium daughter products.
Potasium could indicate alteration in a normally potassium poor basalt. The
alteration would occur principally on fractures. Uranium and many of its
daughter products are quite mobile and comnonly accumnulate on fractures. A
ganna ray tool can be used for Tithology identification and possibly for
Iocating fractures that are sealed by alteration winerals. A spectral logging
too? would be the most useful in this application. Spectral gamma ray data
would help discrininate betwean potassium rich areas and those with higher
concentrations of uranium and thorium, a technique found to be useful in
petroleun Togging (Fertl and Rieke, 1980). A multi-channel spectral tool is
available (Go1dﬁan and Marr, 1979} and it may be useful in 1imited aplications
where uraniumn concentration is high and uranium nigration needs to be
ascertained.

Fluid flow logging may be acconplished with various tools, commonly
spinner or tracer type tools. Most tools are not satisfactory in any Tow flow
rate situation such as shouid Le the case for good repository sites. Hence we
be?%eve perneabiltiy will be largely determined via hydrologic techniques and

the logging techniques will be ancillary.

4.3.,6 Cross Plots

We will use one examnple of a cross plot from a geothermal
area to illustrate the problen of deternining porosity, anong other things,

from well Yogs. The rock type is a metamnorphic rock, a biotite-hornblende,



quartz monzonite that is not too different from a basalt. A basalt would have

tittle or no quartz and vore non-hydrous mafics such as pyroxene and the

feldspar composition is different. Sove of these differences are not

inportant to this discussion.
This exanple illustrates the contribution of hydrous mafic mninerals to

the response of the neutron, density, and travel time logs. Figure 4-5a shows

a plot of bulk density versus neutron porosity obtained with Schluuberger

compenstated logging tools. The mafic minerals are higher density than the

feldspars and an increasing ancunt of mafic minerals would cause an increase
in density of the rock. Also, the nafic minerals are mostiy hydrous and an
increasing mafic content would increase the apparent neutron porosity.

Therefore, data should piot along some trend up and to the right as actually

seen in Figure 4-4a., In contrast, increasing porosity decreases the density

and increases the neutron porosity. These data would trend down and to the

right as actually seen for some data in the Figure 4-4a. The grid in Figure

4-4a was constructed using the response equations of the two tools and the

method is described in Glenn and Hulen {1979). Figure 4-4b illustrates the

use of the grid.

Figure 4-5 shows a plot of volume per cent mafics, estinated from an

exanination of drill chips, versus the three Togs, density, neutron and
acoustic. The plots show a clear correlation between mafic mineral content
and log response. Matrix values may be estimnated from these plots or use of

plots Tike Figure 4-4h. Porosity could be determined once the matrix affects

are evaluated.
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