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S U M M A R Y
Fitting the intensity of ensembles of sonic log waveforms with a radiative transfer model allows
us to separate scattering from intrinsic attenuation in two wells of the Ngatamariki geothermal
field, New Zealand. Independent estimates of scattering and intrinsic attenuation add to the
geologic interpretation based on other well log data. Particularly, our estimates of the intrinsic
attenuation confirm or refine inferences on fluid mobility in the subsurface. Zones of strong
intrinsic attenuation in Well 1 correlate with identified feed zones in three of the six cases, and
hint at permeability just above two of the other three zones. In Well 2, intrinsic attenuation
estimates help identify all three identified permeable intervals, including a washout.

Key words: Fracture and flow; Hydrothermal systems; New Zealand; Downhole methods;
Coda waves; Seismic attenuation.

1 I N T RO D U C T I O N

Seismic waves are sensitive to the physical properties of the subsur-
face. The physical parameters of interest to the geophysicist deter-
mine not only the phase of the seismic wave, but also its amplitude.
With the improvements in the quality and quantity of seismic data,
seismic amplitude analysis has developed into methods such as
Amplitude Versus Offset (Rutherford & Williams 1989; Chapman
et al. 2006), acoustic impedance inversion (e.g. Oldenburg et al.
1983; Riedel et al. 2009) and seismic wave attenuation analyses
(e.g. Knopoff et al. 1964; Jackson & Anderson 1970; Rickett 2006,
2007; Jones 2013; Gamar-Sadat 2015, 2016).

Seismic wave attenuation has been a topic of geophysical research
for several decades (e.g. Wyllie et al. 1962; Knopoff et al. 1964;
O’Doherty & Anstey 1971; Spencer & Nur 1976; Johnston 1981;
Dasios et al. 2001). In addition to geometric spreading, seismic
waves attenuate due to two fundamentally different mechanisms.
First, seismic energy can be converted to heat (commonly referred
to as intrinsic attenuation, dissipation or absorption). A passing
seismic wave distorts the pore pressure by changing the state of
stress. This local change of stress produces pressure gradients that
trigger the mobility of fluids and hence absorption (dissipation) of
the wavefield energy (Pride et al. 2004; Adam et al. 2009; Müller
et al. 2010; Vinci et al. 2014). Several theories deal with the mech-
anisms that explain the mobility of fluids in the pore space, such as
global fluid flow and squirt flow mechanisms (Biot 1956; Toksöz
et al. 1979; Mavko & Jizba 1991; Dvorkin et al. 1995). Internal fric-
tion between grain contacts and cracks has also been reported as an
attenuation mechanism in the literature (Attewell & Ramana 1966;
Walsh 1966; Johnston et al. 1979; Winkler et al. 1979). For this
mechanism, however, attenuation increases with increasing strain

magnitude, but is commonly ignored for small strains (<10−6).
Such strains are of the magnitude exerted by propagating elastic
waves.

Second, seismic waves attenuate as they scatter out of the direc-
tion of propagation upon encountering impedance contrasts, either
as Rayleigh scattering when the scatterers are smaller than the wave-
length or Mie scattering when they are of similar size to the wave-
length. In solids these contrasts are provided by common geological
features such as lamination, layering, fractures and clasts.

This combination of attenuation mechanisms of seismic waves
is typically quantified by the quality factor Q. It is related to the
attenuation coefficient α as: Q = αv/π f (Knopoff 1964), with v

being group velocity and f the frequency of the wave. The factor α

controls the exponential decay of a plane wave with distance. The
most common method to estimate attenuation from seismic data
is by computing spectral ratios of the first arrivals (Toksöz et al.
1979). However, Toksöz et al. (1979) and Parra et al. (2007) point
out that wave reflections and scattering can introduce oscillations in
the amplitude spectra of the waveform, complicating the estimation
of attenuation from spectral ratios. In addition, Gurevich & Pevzner
(2015) show that since attenuation is frequency dependent as a
power law, spectral ratio estimates become biased (i.e. when Q−1 ∝
ωn, then Q is systematically underestimated by a factor of n + 1).
However, even when the utmost care is taken to estimate attenua-
tion from spectral ratios, this methodology is not able to separate
intrinsic from scattering attenuation. Losses due to the latter have
been modelled with elastic wave propagation through a multiple
scattering medium composed of thin layers (O’Doherty & Anstey
1971; Shapiro et al. 1994; Van Der Baan 2001). Recent applications
of this approach coupled with the modified centroid frequency shift
method can be found in Pevzner (2016).
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Scattering attenuation has been analysed through the use of coda
waves or the late superposition of arrivals (backscattering) in the
seismic record (Aki & Chouet 1975). Herraiz & Espinosa (1987)
offer a review of the first attempts to understand seismic scatter-
ing from the late part of seismological records. Margerin (2005)
covers the use of Radiative Transfer theory to model the regime of
multiple scattering responsible for the coda. This theory has been
applied to model scattering and intrinsic attenuation at the scale
of lithospheric (Fehler et al. 1992; Sato & Fukushima 2013; Mayor
et al. 2014; Sato & Hayakawa 2014) to mantle heterogeneities (Sato
& Nishino 2002; Margerin & Nolet 2003). Our aim is to separate
the contribution from intrinsic and scattering attenuation of waves
at a smaller scale, namely in sonic Stoneley waves in boreholes of a
geothermal field in New Zealand. Stoneley waves are generated in
the interface between two solid elastic media (Stoneley 1924) and
decay exponentially in amplitude away from the fluid-solid bound-
ary of the borehole (Cheng et al. 1982). These waves can reflect
from large open fractures, and this reflectivity can be related to
their aperture (Hornby 1989). In the borehole logging community
Stoneley waves are commonly referred to as tube waves or guided
waves.

Ultimately, for the production of geothermal (and hydrocarbon)
reservoirs, we are particularly interested in characterizing the mo-
bility of fluids (permeability) (Klimentos & McCann 1990; Pride
et al. 2003). Stoneley waves are highly attenuated in fractured ar-
eas and their transmission and reflection coefficients are sensitive
to fluid transport (Tang & Cheng 1989; Hornby et al. 1989). Nev-
ertheless, Stoneley waves are affected by a combination of per-
meability changes, rock alteration, and scattering from lithological
discontinuities. The challenge is to separate these effects (Hardin
et al. 1987). Stoneley waves have been used in acoustic borehole
logging to study their relation to rock permeability (Cheng et al.
1982; Winkler et al. 1989; Kostek et al. 1998a,b; Tang & Cheng
2004). A common approach is to forward model the propagation
of Stoneley waves in the presence of layering and fractures (Cheng
& Toksöz 1981; Hornby et al. 1989; Frehner & Schmalholz 2010;
Karpfinger et al. 2010; Bakku et al. 2013; Sinev & Podberezhnyy
2013). Hornby et al. (1989) and Kostek et al. (1998a,b) show that
open fractures can be detected using full waveform sonic logs by
studying the coherent Stoneley wave arrival. However, when the
geology is composed of cross-cutting fractures in the presence of
strong layering, or laminations, and veins, this approach is not easy
to implement. This is because the Stoneley wave reflectivity will be
affected by interference from all these features, masking the corre-
lation of amplitudes to simple fracture models. What we propose
is to fit the intensity of the full waveform sonic logs (FWSL) as a
function of space and time with a 1-D radiative transfer model. This
way, we can separate scattering from intrinsic attenuation to help
identify permeable regions in the subsurface. We first introduce the
radiative transfer theory, then estimate scattering and intrinsic atten-
uation as a function of depth in two injection wells of Ngatamariki
geothermal field in New Zealand (Fig. 1), present their geological
interpretation and discuss the results.

2 M E T H O D

Radiative transfer theory (RT) describes the evolution of the inten-
sity of a wavefield, which has its origins in the kinetic theory of
gases (Schuster 1905; Chandrasekhar 1960, 2013). RT allows us to
separate scattering and absorptive properties of the medium within
a region where the properties of the medium are stationary. The

group of wavefields recorded in such region forms an ensemble.
The coherent intensity decays with distance travelled due to scat-
tering and absorption. Scattering, however, results in an incoherent
intensity, often described as ‘coda’ in seismology. If heterogeneity
is strong, multiple scattering can act as a gain term for the coda
(Wu 1993). One strategy to separate scattering from intrinsic losses
is to perform full-waveform inversion, but particularly in the case of
strong scattering, this would be a formidable challenge. Instead, we
will take the approach to find the scattering and absorption losses
in the ensemble that describe the total intensity of the wavefield.
The derivation of the analytic solution to 1-D RT equations can be
found in Paasschens (1997) and Haney et al. (2005). Therefore, we
will only state the results here.

The square of the average wavefield impulse response G(x, t) is
known as the coherent intensity, CI (e.g. Ishimaru 2013), and in 1-D
is

CI(x, t) = 〈G(x, t)〉2 = exp (−vt(R/ ls + 1/ la))δ(x − vt), (1)

where x and t are the source-receiver offset and time respectively,
v is the velocity of the coherent intensity (group velocity) and the
two parameters that describe the losses of intensity are the mean-
free path for absorption la and the mean-free path for scattering
ls. These lengths represent the average distance required for the
intensity to decay to a value of 1/e. The scattering mean free path ls is
coupled with a dimensionless parameter R describing the proportion
of energy backscattered from impedance contrasts (Haney et al.
2005). Eq. (1) allows the estimation of the decay of the intensity
from the cumulative effect of absorption la and scattering R/ls. For
a causal source wavelet s(t), Appendix A shows that the coherent
intensity is

CI(x, t) ∗ s(t) = exp(−xα)s(t − x/v). α = R/ ls + 1/ la . (2)

The total intensity TI is the average of the square of the wavefield
(Haney et al. 2005):

TI(x, t) = 〈G2(x, t)〉 = exp (−vt(R/ ls + 1/ la))

×
[
δ(x − vt) + R

2ls

(
I0(η) +

√
vt + x

vt − x
I1(η)

)]
, (3)

where the argument η = R
ls

√
(vt)2 − x2 of the Modified Bessel func-

tions of the first kind (I0 and I1) only depends on scattering, and
not absorption. That is why the Modified Bessel functions of the
first kind describe a gain term in the total intensity; waves originally
scattered out of the coherent intensity are scattered back into the
incoherent intensity (van Wijk 2003; Haney et al. 2005). The inco-
herent intensity, II, of the field is the difference between the total
and coherent intensities:

II(x, t) = TI − CI = exp (−vt(R/ ls + 1/ la))

×
[

R

2ls

(
I0(η) +

√
vt + x

vt − x
I1(η)

)]
. (4)

Our strategy is to fit the observed intensities of full-waveform sonic
logging data in order to obtain individual estimates of the scattering
and absorption mean free path. In seismology, however, attenua-
tion is more commonly described through the quality factor Q, a
dimensionless parameter describing wave amplitude loss per cycle
(Futterman 1962; Knopoff 1964; O’Connell & Budiansky 1978;
Pride et al. 2004; Toverud & Ursin 2005). The quality factors relate
to the mean free paths after Haney et al. (2005) as

Qa = 2π f la

v
, Qs = 2π f ls

v
, (5)
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Figure 1. Left: location of Ngatamariki in the North Island of New Zealand (shown in black). The field is in the Taupo Volcanic Zone (TVZ). The Young TVZ
boundary is after Wilson et al. (1995). Right: position of the wells in the field. Field boundaries are as determined by Mercury NZ Ltd in 2009.

where f is the dominant wave frequency and v is the group velocity
of the energy propagating in the medium.

The work flow to estimate Qa and Qs as a function of depth is as
follows:

(i) Group waveforms in ensembles that represent stationary geo-
logical intervals.

(ii) Compute the coherent, total and incoherent intensities for
each ensemble, according to eqs (1), (3) and (4), respectively.

(iii) Estimate the group velocity v from the coherent intensity.
(iv) Estimate the mean free paths ls and la from a least-squares

fit to the observed coherent and incoherent intensities.
(v) Estimate the quality factors Qa and Qs from eq. (5).

All our results and interpretations are done in the framework of
a 1-D RT analysis, based on the assumption that wave propagation
is dominated by up- and downgoing Stoneley waves; the strongest
wave in the record. Some of this Stoneley wave energy is scattered
to body waves, not included in our current analysis. Body wave
energy not returning to the receiver adds to the loss term, captured
by intrinsic absorption. Future work will include expansion to a
higher-dimensional RT analysis to account for body-wave scattering
in other directions than the vertical.

2.1 Example

Fig. 2 presents an example ensemble of 16 sonic waveforms at
fixed source–receiver distance recorded over a 2.4 m interval. Each
waveform is u(x, t) = s(t) ∗ G(x, t), where x is the vertical dis-
tance between source and receiver, and the ∗ symbol represents the
convolution of the source wavelet s(t) with the impulse response
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Figure 2. The ensemble of traces for the first receiver for the depth interval
between 2088.2 and 2090.6 m in Well 1, where the direct primary wave (P)
and Stoneley wave (St) arrivals are followed by scattered waves in the coda.

G(x, t). A weak direct P-wave arrives at t = 1 ms, followed by a
much stronger Stoneley wave around t = 2 ms. The arrivals after the
Stoneley wave form the coda; a superposition of waves scattered by
interactions with the medium heterogeneities.

The coherent intensity for this ensemble is obtained by taking
the average (‘stack’) of the wavefields in the ensemble, and squar-
ing the result: 〈u(x, t)〉2. The coherent intensity is dominated by
constructively interfering direct waves for each realization in the
ensemble. We compute this intensity for all eight receivers (Fig. 3).
The maximum of the natural logarithm of the coherent intensity for
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Figure 3. Coherent intensity decay for receivers in an ensemble. The model
fits the exponential decay of the coherent intensity. The ensemble group
velocity is also estimated from the arrival times of coherent intensity for the
eight receivers.

Figure 4. Incoherent intensity and best-fitting model, described by eq. (4).

each receiver position is represented by the dots in Fig. 3. These
maxima provide an estimate of the exponential decay in eq. (1),
and the Stoneley wave group velocity v follows from the arrival
time of the maximum as a function of distance. For this ensemble,
v = 1673 ± 25 m s−1, and 1/la + R/ls = α = 2.28 ± 0.08 m−1.

The incoherent intensity decays less than exponential due to gain
from multiply scattered seismic waves (Fig. 4). The least-squares
fit (thick dashed line) to the equation for the incoherent intensity
(eq. 4) results in an estimate of ls = 0.27 ± 0.01 m. This estimate
was obtained assuming isotropic scattering (R = 0.5) (Haney et al.
2005). With eq. (5) and a dominant sonic log frequency of 20 kHz,
we estimate Qs = 20 ± 0.4 for this ensemble. By combining the
1/la + R/ls information from the coherent energy, we estimate
la = 2.28 ± 0.08 m and eq. (5) leads to an estimate of Qa = 171 ± 33.
We refer the reader to Appendix B for details on error estimation and
propagation. These estimates imply that attenuation is dominated
by scattering. We will see that this is common in the well logs in
this study. Therefore, it is clear that to reveal fluid processes in the
subsurface we need independent estimates of scattering and intrinsic
attenuation.

3 R E S U LT S

The Ngatamariki field is located in the Taupo Volcanic Zone (TVZ),
New Zealand (Fig. 1). The TVZ is of interest to the geothermal in-
dustry and to geologists in general due to its high heat flow and
the large volume of volcanic deposits accumulated during a rela-
tively short period of time (Wilson et al. 2009). The field has an
installed geothermal power capacity of 82 MW and the success of
the fluid production and reinjection in the field depends on perme-
able intervals in the volcanic sequence. The Tahorakuri Formation
is the main reservoir hosting unit of the Ngatamariki geothermal
field (Wallis et al. 2009; Boseley et al. 2012), composed of a thick
(0.8–1.7 km) section of silicic primary volcanic and secondary vol-
caniclastic rocks (Chambefort et al. 2014). The permeability of
Tahorakuri samples range from 9.8 × 10−21 to 2.4 × 10−16 m2,
and the matrix permeability is attributed to rock microfractures and
connected pore throats (Cant 2015). Fractures, however, also play a
role in the fluid flow in the Tahorakuri Formation. Underlying the
Tahorakuri Formation, the Ngatamariki Andesite is a sequence of
andesitic lava flows with a high density of fractures. Fig. 1 shows
the field location and current wells. The two wells used in this study
are Well 1 in the southern part of the field, and Well 2 to the North.

3.1 Well 1

Following the RT methodology described, we estimate attenuation
parameters as a function of depth. Figs 5 and 6 present estimates of
the group velocity v, and attenuation (Qs, Qa and Qt) for Wells 1
and 2, respectively. The uncertainties are discussed in Appendix B,
where we point that longer recording times may reduce uncertainties
in future studies of this kind.

In Well 1, Qs oscillates between 11 ± 2 and 164 ± 120 with
a median value of 21. Larger variability is observed in Qa with
a median value of 191. The total quality factor is dominated by
scattering, as can been seen that Qt and Qs generally correlate with
depth.

On the larger scale, the RT analysis reveals a break in charac-
teristics at 2500 m. This depth represents the contact between the
Tahorakuri Formation (above) and the Ngatamariki Andesite (be-
low). In the Tahorakuri Formation, group velocity is fairly constant,
while Qt and Qs decrease slowly. In the underlying Ngatamariki
Andesite, these three parameters become more variable, but appear
to increase overall. Intrinsic attenuation estimates have larger uncer-
tainties, but local fluid mobility information is hidden in a distinct
Qa behaviour, discussed in the next section.

3.2 Well 2

The data from Well 2 in Fig. 6 are restricted to the Tahorakuri
Formation, with RT parameters that generally match the attenuation
estimates in the same Tahorakuri Formation in Well 1. Qs goes from
a minimum of 10 ± 1 to a few values above 3000 with a median
of 22. On the other hand, Qa oscillates between 16 ± 1 and a high
value of 800 with considerable error bars. The median Qa is 179.5.
We next discuss our estimates of attenuation in the context of other
available data sets such as geophysical well logs and spinner tool.

4 D I S C U S S I O N

Sonic and electrical logs allow for the correlation of geological
contacts, identification of secondary mineralization, and estimation
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Figure 5. Mean (line) and standard deviation (shading) of group velocity v, scattering attenuation Qs, intrinsic attenuation Qa and total attenuation Qt estimates
in Well 1.

Figure 6. Mean (line) and standard deviation (shading) of group velocity v, scattering attenuation Qs, intrinsic attenuation Qa and total attenuation Qt estimates
in Well 2.

of rock physical properties for geomechanical modelling (Wallis
et al. 2009). Here, we explore the (hydro)geologic implications of
the attenuation estimates in Wells 1 and 2, within the context of
complementary (well log) data. Particularly, we focus on the value
of individual estimates of intrinsic and scattering attenuation.

4.1 Well 1

Formation Micro Imager (FMI) logs discussed in Appendix C1
were used to estimate density and aperture of fractures, as well as
the facies and textures in Well 1. Panel (a) in Fig. 7 depicts the
textures interpreted from FMI (Halwa et al. 2013; Halwa 2012).

Red indicates fractured, green is banded, and blue represents clas-
tic. Electric resistivity logs are shown in panel (b). Shallow and deep
resistivity logs follow similar trends in the Tahorakuri Formation,
but the tool that senses deeper reads lower resistivity values. In the
Ngatamariki Andesite, deep and shallow resistivity logs show sim-
ilar values, which implies the continuity of the electrical response
past the borehole wall. P- and S-wave sonic slowness are shown in
panel (c). Overall, the S-wave sonic log presents greater variability
with depth than the P-wave slowness. Fracture density interpreted
from the FMI log is shown in panel (d). The Tahorakuri Formation is
dominated by a lower density of fractures of small to large aperture,
while the Ngatamariki Andesite has a higher count of fractures of
small aperture. The lower part of the Ngatamariki Andesite hosts
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Figure 7. Well log data for Well 1. The colours in panel (a) represent the textures interpreted from FMI images (Halwa 2012). Red: fractured. Green: banded.
Blue: clastic. (b) Shallow resistivity (RXOZ) and deep induction resistivity (AT60). (c) Sonic slownesses for P and S-wave arrivals (DTP & DTS). Density
of fractures (d), total intensity of ensemble (e) and Qa (f), Qs (g) and Qt (h). Previously interpreted feed zones are indicated by blue transparent bands in the
attenuation panels.

intervals of significant circulation losses, with no cutting returns.
The total intensity of the FWSL is depicted in panel (e). The back-
ground noise level in the total intensity panel is the red colour,
before the P-wave arrival at approximately 0.8 ms. The intensities
associated with the dominant Stoneley waves start at ∼ 2 ms in
yellow. The TI decays after the arrival of the Stoneley wave, but
this intensity decay is variable with depth, and forms the source of
group velocity and attenuation estimates. The mean values of the
attenuation estimates of Fig. 5 are repeated in Figs 7(f)–(h). Feed
zones are marked as blue transparent bands in the quality factor
panels. These zones are based on fluid velocities calculated from
a Pressure Temperature Spinner (PTS) tool, using three different
pressure rates and taking into account fluid viscosity and borehole
irregularities. However, the cut-off details on flow are unavailable.

Generally, the dominant attenuation mechanism in Well 1 is scat-
tering due to heterogeneity identified in the FMI from the clasts,
veins, layering and fractures. These features introduce significant
impedance contrasts that scatter sonic waves. There is a distinct
change in the TI pattern at 2500 m (Fig. 7e), resulting from the
sharp lithological change between the Tahorakuri Formation and
the Ngatamariki Andesite. The andesite is regarded as an injection
interval due to its alternating fracture characteristics and long in-
tervals of total circulation losses. On average, the andesite shows
high values of Qa (low absorption), while the pyroclastic Taho-
rakuri Formation—intrinsically porous and permeable—shows low
average Qa estimates. Within the Tahorakuri Formation, we ob-
serve positive correlations between the feed zones, and zones of
low values of Qa. These areas occur in intervals interpreted from
the FMI images as fractured predominantly, and banded secondly.
Three intervals within the Tahorakuri Formation, 2090–2150 m
(T1), 2310–2390 m (T2) and 2470–2510 m (T3) are discussed next
to explore the interpretations from the RT results in greater detail.

4.1.1 Tahorakuri Formation

T1, T2 and T3 in Fig. 7 are identified as high fluid flow areas
within the Tahorakuri Formation by the PTS tool. In addition, T1
and T2 show a decrease in shear wave velocity, strong absorption
(low Qa), and an increase in resistivity. The decrease in wave speed
(high slowness log value) and high absorption point at an increase in
fractures in the T1 and T2 intervals. The presence of fractures results
on a more compliant rock, reducing wave speeds. We highlight these
low speed intervals and their correlation to low Qa with red ellipses
in panels (c) and (f) in Fig. 7. These intervals also qualitatively
correlate with the high fracture count intervals interpreted from the
FMI log (Fig. 7d).

If open fractures are saturated with a conductive fluid, electri-
cal resistivity is expected to be low. Resistivity however, is high
in T1 and T2 intervals (Fig. 7b). In interval T3 the resistivity de-
creases, fracture count increases, and fluid losses were reported
while drilling. At the base of this interval is the transition from
Tahorakuri to the Ngatamariki Andesite. Resistivity logs are chal-
lenging to interpret in geothermal environments. The drilling fluid
is fresh water, but in situ fluids charged with a variety of ions com-
plicate the interpretation of the resistivity of the fluid. In addition,
mineral alteration can significantly affect the interpretation of resis-
tivity logs. Alteration to quartz in veins in the Tahorakuri formation
in Well 1 has been reported, while Well 2 has clay, pyrite and quartz
alteration, all of which affect the interpretation of electrical resis-
tivity in the rock matrix.

Interval T1 displays the highest values of Qs within the Taho-
rakuri Formation, and high intrinsic attenuation correlates with
a high density of fractures. At T2 there is a match between the
densely fractured region identified on FMI images and the high-
est absorption attenuation intervals. We argue that some of the
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Figure 8. Attenuation estimates for Well 1 above and over the permeable interval T1. The intervals considered high in intrinsic attenuation are shown by the
arrows.

fractures estimated by the FMI logs might be filled with conductive
minerals, reducing or stopping fluid flow. The fracture count does
not necessarily correlate with the highest absorption, which makes
the Qa log an independent tool of fluid flow interpretation.

All three feed zones contain ensembles with strong intrinsic atten-
uation, and it may be that the RT analysis helps constrain the actual
depth of the source of fluid flow within a PTS-defined feed zone. To
highlight the potential of RT attenuation estimates, Fig. 8 displays
attenuation estimates for the permeable T1 interval shown in Fig. 7.
Here too, the total attenuation is dominated by scattering, which
correlates well with transitions in facies, leading to impedance con-
trasts necessary for the scattering of elastic waves. Black arrows
around 2118 and 2142 m point to regions where scattering is rel-
atively weak, but intrinsic attenuation relatively strong; these are
possibly the actual source points of the T1 feed zone. The third
option for a source of fluids is a region of relatively low values of
Qa just above the defined T1 feed zone (2070 m).

4.1.2 Ngatamariki Andesite

We interpret the highest values of Qa as sections of competent an-
desite. Strong variability in attenuation confirms the variability in
the fractured sections. The Andesite has one identified feed zone
within the region annotated with an ‘A’ in Fig. 7. This thin zone
agrees with an ensemble with low quality factors indicating scatter-
ing and intrinsic losses.

4.2 Well 2

Fig. 9 summarizes the well log information in Well 2. The data
only sample the Tahorakuri Formation in a non-producing interval,
where alteration increases with depth due to an intrusion below.
Panel (a) depicts the lithological boundaries taken from geological
reports, based on drill cuttings, cores, thin sections, and the response
of the well logs. Panel (b) is the caliper log, showing a significant

washout section at ∼1400 m. The shallow and deep resistivity logs
in panel (c) show similar trends, with a slight separation towards
the deeper and more altered Tahorakuri section. Panel (d) contains
the P- and S-wave slowness sonic logs, with similar responses with
depth. Panels (e) to (h) show the total intensities for the FWSL
and the quality factors. From 1208 to 1425 m, the total intensity
decays relatively fast with time. Below 1425 m the total intensity
decays more slowly, indicated by the high intensity (yellow colour)
persisting at late times. As for Well 1, the scattering component
generally dominates the total quality factor.

The main geological factors contributing to the variability of the
logs in this well are the different welding levels of the pyroclastic
materials and the geothermal mineral alteration. In the presence of
conductive minerals (e.g. clays, pyrite or iron oxides) special care
must be taken when interpreting the electrical logs and their relation
to fluid content. Therefore we interpret the combined effects of
electrical and acoustic/elastic logs. Next, we discuss three regions of
interest in Fig. 9: a washout area (W), a fractured welded ignimbrite
(WI) and a feed zone (F) corresponding to the lowest values of Qa

in the well.

4.2.1 Washout

From 1380 to 1425 m—annotated with a ‘W’—we observe consis-
tently low values in Qa. At this geological interval there has been
significant water loss while drilling (Wallis et al. 2009). This section
is not defined as a feed zone, but clearly one affected by fluid flow;
the caliper log indicates the presence of a washout, further corrob-
orated by a decrease in compensated sonic logs. The resistivity logs
show a decrease in resistivity, but these measurements could be af-
fected by the borehole diameter. This interval also has the highest
pyritic alteration of the whole log. Pyrite alteration decreases with
depth, replaced by an increase in quartz alteration, each potential
reasons for the variations in resistivity besides fluid content.
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Figure 9. A compilation of well logging data in Well 2. The background colours in panel (a) represent the geological intervals encountered: breccia tuff (blue),
welded ignimbrite (red), tuff and polymictic volcaniclastic breccia (yellow), veined tuff breccia (orange) and partially welded crystal-poor tuff (purple). (b)
Caliper and bit size (CAL & BS). (c) Shallow and deep resistivity (RESS, RESD). (d) Sonic P- and S-wave slowness (DTP & DTS). (e) Total sonic log intensity
(TI), and Q factors: (f) Qa, (g) Qs and (h) Qt. Feed zone intervals are indicated by blue transparent bands in the panels with Q factors.

Figure 10. Attenuation estimates for the washout zone in Well 2. The intervals considered high in intrinsic attenuation are shown by the arrows.

4.2.2 Welded Ignimbrite

At 1425 m depth, a hard, crystal- and shard-rich welded and frac-
tured ignimbrite is encountered (red box in Fig. 9 f annotated with a
‘WI’). Scattering of the FWSL in this region is attributed to veining,
welding, fracture and alteration in this part of the Tahorakuri For-
mation. High drilling fluid losses are reported for the upper part of

the welded ignimbrite (Wallis et al. 2009). These losses comprise
the interval between 1400 m and 1500 m depth. Low Qa values
correlate to this area of high fluid loss. However, the resistivity and
sonic logs show insignificant changes in this zone.

Fig. 10 covers attenuation estimates from ‘W’ to ‘WI’. Strong in-
trinsic attenuation is indicated by the double arrow between 1380 m
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and 1400 m. Total Q is dominated by scattering, and does not iden-
tify the washout. The next relevant interval with high absorption is
at the top of the welded ignimbrite (1430 m), seen as a local min-
imum in the Qa log. Scattering attenuation in this section actually
decreases, as we transition from tuff to welded ignimbrite.

4.2.3 Feed zone

Below the welded ignimbrite, quartz alteration and intermittent
welding dominate. At 1632 m the top of a feed zone is identified.
Within this zone, a region with the lowest Qa interval is observed
(red ellipse in Fig. 9f). This zone also coincides with a transition
to tuffs with veins and vein-dominated crackle breccias. Resistivity
increases, pointing at the possibility that quartz alteration is influ-
encing the electrical resistivity log.

5 C O N C LU S I O N S

Radiative transfer theory separates scattering from intrinsic atten-
uation of full-waveform sonic logs for two wells in Ngatamariki
geothermal field in the Taupo Volcanic Zone, New Zealand. Con-
ventional analysis of the coherent intensities provides only the cu-
mulative effect of scattering and intrinsic attenuation, while Forma-
tion Micro Imaging logs have limited resolution and cannot resolve
open from mineralized fractures. Results of a 1-D radiative transfer
model applied to two geothermal wells identify zones of strong in-
trinsic attenuation that correlate with high fracture density intervals,
known fluid feed zones, and a washout.

For Well 1, the RT separation helps us refine knowledge on three
of the six known feed zone intervals, while regions of strong intrinsic
attenuation hints at fluid flow just below two other defined feed
zones. RT adds more detailed information beyond the conventional
well log analysis for all three permeable intervals in Well 2 with
well-defined local minima of intrinsic attenuation.
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A P P E N D I X A : C O H E R E N T I N T E N S I T Y
O F A C AU S A L S O U RC E

The coherent intensity (CI) for an impulse response given by the
Green’s function is:

C I ∝ exp (−vtα)δ(x − vt), where α = R/ ls + 1/ la,

C I ∝ exp (−vtα)δ
(

t − x

v

)
, since δ(ax) = 1

|a| δ(x), (A1)

let s(t) be a causal source function, then the convolution is given
by

C I (x, t) ∗ s(t) =
∫

δ
((

t − v

x

)
− τ

)
exp(−αv(t − τ ))s(t)dτ ,

C I (x, t) ∗ s(t) =
∫

δ
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t − v

x

)
− τ

)
exp(−αvt) exp(αvτ ))s(t)dτ

(A2)

let exp (αvτ ) = ω(τ ), then:

C I (x, t) ∗ s(t) = exp(−αvt)
∫

δ
((

t − v
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)
− τ

)
ω(τ )dτ ,

= exp(−αvt)ω
(
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,

C I (x, t) ∗ s(t) = exp

(
−x

(
R

ls
+ 1

la

))
s
(

t − x

v

)
, (A3)

which is a shifted version of the causal response (wavelet) times an
exponential decay dependent on the offset and the mean-free paths
for scattering and intrinsic attenuation.

A P P E N D I X B : E R RO R P RO PA G AT I O N

The receiver closest to the source contains the most information
about the incoherent coda (the coherent intensity arrives—and
passes the receiver—the earliest). Even for this receiver, Fig. 4
indicates that the intensity at the end of the recording at t = 5.12 ms
is still well above the background noise level, as defined by the
measured intensity prior to the P-wave arrival. If longer times were
measured a longer decaying coda would have been recorded. For
slow-decaying incoherent energy, longer recordings would provide
more stable estimates of ls, and indirectly in la. We therefore recom-
mend longer recordings in future experiments to increase precision
in parameter estimation.

The errors represented in Figs 5 and 6 depend on the param-
eters and errors associated to ls, la, v and α. Errors in v and α

are the product of fitting the decay of the maxima of coherent in-
tensity with time and offset respectively as shown in Fig. 3. The
square root of the least-squares variance fluctuates depending on
the quality of the recorded waveforms and the averaging of the en-
semble over a common geology or set of heterogeneities. The errors
on the quality factors are obtained from the error propagations on
eqs (5). Qa, which is dependent on la,has large associated errors

(above 30 per cent) as a result of the involved equations. The un-
certainty on ls comes from the nonlinear fitting algorithm and was
calculated as the standard deviation of the parameter from the matrix
of covariances.

The following formulas show the expressions for the errors of la

and the quality factors:

la = 1

α − R/ ls
,

�la = l2
a

√
(�α)2 +

(
R

ls
�ls

)2

, (B1)

where �α and �ls come from the standard deviation of the least-
squares fitting. From eq. (B1), a large variance in the total decay α

translates to a large variance on the intrinsic absorption mean-free
path la:

�Qs = Qs

√(
�ls

ls

)2

+
(

�v

v

)2

, (B2)

�Qa = Qa

√(
�la

la

)2

+
(

�v

v

)2

, (B3)

�Qt = Q2
t

√(
�Qs

Qs

)2

+
(

�Qa

Qa

)2

. (B4)

A P P E N D I X C : E N S E M B L E S I Z E

The RT analysis requires ensemble averaging to estimate the co-
herent and incoherent intensities. The assumption is that across the
ensemble, the scattering and absorption properties are stationary.
Tests on the size of the ensemble from 1.22 m (8 waveforms) to
6.1 m (40 waveforms) prove robustness in our estimates of Q.

Ensembles, theoretically, can be of any length. The main assump-
tion is that the direct (coherent) and scattering energy are equally
represented at every receiver in the ensemble. Practically, this means
that ensembles should be chosen over a common geology, more pre-
cisely, common heterogeneities. When choosing an ensemble size
in a volcanic setting we are selecting a section of rock comprising a
combination of clasts, fractures and layering with different levels of
alteration. Choosing the length of an ensemble should be guided first
by our particular interest in geological intervals and those relevant
characteristics that could be captured by the elastic wavefield.

Fig. C1 compares Q estimations for different ensemble sizes. The
averaging effect of increasing the ensemble size results in smoothing
of Q with depth, loosing geological details in the log. The estimation
using 16 waveforms (2.44 m) per ensemble (blue line) has larger
resolution than the more smoothed estimates using one hundred
(15.4 m) (cyan line) waveforms.

So far, our Q estimates are for ensembles of 2.44 m length (i.e.
16 sonic waveforms). The number of waveforms composing an
ensemble is a choice guided by our geology knowledge, but Fig. C1,
shows the stability of the group velocity and attenuation parameters
for ensembles from 2.44 to 15.4 m.

C1 Formation Imaging Tool

The FMI and the Borehole Televiewer (BHTV) are used to inves-
tigate the heterogeneity and fracture distributions on and near the
borehole wall. Their depth of penetration and ability to estimate the
type of fractures (induced versus natural) is more limited than our
proposed RT methodology. The FMI tool consists of a pad of 192
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Figure C1. Effect of ensemble size on the estimations for Well 1. Ensembles of 2.44 m (blue), 4.88 m (green), 7.32 m (red) and 15.4 m (cyan). For the
geological interpretation we used the smallest ensemble size (2.44 m or 16 consecutive waveforms from the FWSL tool).
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Figure C2. Formation Micro Imager examples of the banded (top), clastic (middle) and fractured (bottom) facies encountered in the pyroclastic section of
Well 1 (after Halwa 2012; Halwa et al. 2013). The colour scale represents electrical conductivity.
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electrodes which detects the electric current flow sent by an upper
electrode into the rock formations. This combination of electrodes
generates an electrical image of the borehole wall with a resolution
of 5 mm (Halwa 2012).

At Ngatamariki, buildup of excess current along a conductive
fracture is interpreted as the result of either water or conductive
cements—containing pyrite and magnetite—in the fracture causing
the current to pool along its trace. Researchers have tried linking
acoustic well logging tools to permeability in New Zealand geother-
mal fields (McLean & McNamara 2011; Wallis et al. 2012; Massiot
et al. 2013; McNamara et al. 2015). For example, BHTV data
were collected in the Rotokawa Andesite. Rotokawa is an analo-
gous geothermal field south of Ngatamariki and the interpretations
on possible open fractures there are not conclusive (McNamara
et al. 2015). According to McLean & McNamara (2011) and Mas-
siot et al. (2017), the integration of image logs interpretation with
completion test data (i.e. injection, temperature and spinner profiles)
can result in the refinement of feed zone locations. Massiot et al.
(2017) point out, however, that image logs are unable to confidently
identify fluid flowing versus mineralized fractures. Massiot et al.
(2015) also remind us that an inherent limitation of all BHTV log
interpretation is their inability to assess structural connectivity away
from the borehole surface and the structure contribution to well per-

meability. This is where our analysis of the full waveform sonic log
provides additional information. RT in 1-D on the FWSL may help
us separate open from mineralized fractures, as well as fractures
below the tool resolution. Intrinsic attenuation is controlled by fluid
flow, which is directly related to rock permeability and fluid vis-
cosity (Klimentos & McCann 1990; Pride et al. 2004; Müller et al.
2010). As the fluid at the depths of interest is water, we hypothesize
that the relative variations in intrinsic attenuation (Qa) are due to
changes in rock permeability alone.

An FMI log in Well 1 is used to interpret fracture information in
the Tahorakuri Formation and Ngatamariki Andesite (Halwa 2012;
Halwa et al. 2013). Fig. C2 presents FMI images of typical geo-
logical features encountered in the pyroclastic and volcaniclastic
section (Tahorakui Formation). Textural features are clasts, bands,
laminations and fractures. The clast diameter ranges in size from
small (<5 cm) to large (>10 cm), with good sorting for the smaller
clasts to moderate for the larger ones. The banding occurs in the
andesitic flows while laminations are interpreted in the pyroclastic
and volcaniclastic deposits. An FMI image provides information
about geometry and electrical current flow into clasts and frac-
tures, but it is not definitive in separating open water-saturated
fractures from impermeable ones filled with conductive minerals
(e.g. clays).

Downloaded from https://academic.oup.com/gji/article-abstract/213/2/757/4813499
by University of Auckland Library user
on 27 February 2018


