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Figure 15 — Acoustic impedance vs. porosity for the Wenban Formation. Note the two
distinct trends: 1) decarbonatized denoted with red points and trend line, and 2)
unaltered (blue trend).

Contact Z contrast
Dw8 & 7 0.026
Dw7 &5 -0.081
Dw5 & 4 0.010
Dw5 & Dw-RBX 0.003
Dw5 & Dw-Strong DECAL 0.014
Dw5 & assumed Strong

DECAL 0.154

Table 4 — Calculated proportional acoustic impedance contrasts for selected lithologic
contacts on the basis of drill-core petrophysics; calculations performed as first unit listed
divided by second unit listed.
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Figure 16 — Spatial frequency (a), energy (b), sweetness (c), and frequency washout (d)
attributes. Thin black lines mark the bottom of the Tertiary section, and a black box
marks the ore zone. There is no vertical exaggeration.
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Figure 17- Instantaneous amplitude (a), GLCM entropy (b), similarity (c) and
instantaneous phase (d). Thin black lines mark the bottom of the Tertiary section, and a
black box marks the ore zone.



Figure 18 — Two possible structural models with numbered drill holes. A pink line marks

nd a thin red box marks the ore zone.
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underestimated P-velocity relative to the VSP data. The most severe underestimate is
for DW5 (5302 vs. 4162 m/s) and DW4 (4690 vs. 4027 m/s). Acoustic impedance
contrasts calculated from the drill-core seismic response database are very low for
unaltered, and altered/unaltered contacts of the Wenban Formation (on the order of

1%, see

Table 4). One reason for such differences may be anisotropic effects, which produce yet
another form of sampling bias in the drill-core measurements. Strong bedding produces
fracturing at layer boundaries that prevents drill-core measurements in the laboratory
within certain DW intervals. Energy recorded from the VSP survey is not completely
zero-offset; energy therefore may have traveled parallel to the strong bedding and thus
increased velocities relative to the ultrasonic laboratory measurements (Larner &

Cohen, 1993).
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Figure 20 — Porosity vs. theoretical acoustic impedance. Theoretical acoustic impedance
was calculated with density values from decarbonatized core samples and a 3,705 m/s
velocity from the VSP average.

4.2 Attribute Response

The majority of the ore-zone is characterized by chaotic reflections that exhibit reduced
amplitudes and moderate to low frequencies. This zone is encased by higher amplitude
reflections, which exhibit a greater degree of continuity. Reduction in amplitude is
apparent in the energy and instantaneous amplitude attributes (see Figure 16a and 173,
respectively). Similar seismic characteristics exist towards the margins of the dataset,
especially to the east, under the basalt. However, these zones are clearly representative
of reduction in data quality and are not related to actual geologic features at depth.

Overlying, seismically attenuating basalt produces noise that resembles the seismic
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response of the brecciated ore-zone. The ore-zone is surrounded, in both the vertical
and lateral direction, by strong reflectors that appear relatively flat in pre-stack gathers.
Conversely, zones toward the margins of the dataset, and especially to the east under
the basalt, exhibit discontinuous pre-stack events that never grade back into competent
reflections. These facts lead us to believe that the chaotic nature of reflections in the

ore zone are representative of actual rock-properties, rather than seismic noise.

Smith (2010) found that the modeled ore-zone in the Gold-Acres setting produced a
bright spot. The Goldrush PSDM holds true to these observations. However, the
thickest ore body modeled by Smith (2010) is 66 ft, which produces constructive
interference from the unaltered to altered contacts above and below the ore zone.
Accordingly, the modeled ore body appears as one large bright spot. Given the thickness
of the Goldrush ore body (~300 ft), tuning effects are not an issue. Accordingly, the tops
and bottoms produce individual responses (i.e., subtle bright spots) with a broad dim
spot in-between. The bottom contact is most obvious; VSP velocities suggest that this
phenomenon is due to greater rock property contrasts at the lower contact. In addition
to simple acoustic impedance contrasts, factors such as fracture orientation, pore
dimensions and anisotropy have a great effect on amplitude; these are still not well
understood within the Goldrush setting. More down-hole logging is required to

understand these factors (Wang, 2001).

Studies performed by Sagan and Hart (2006) and Tedesco (1994) indicate that the

reduction in amplitude values within the Goldrush ore-zone is similar to that of
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carbonate breccias found within the Appalachian Basin, USA. The geologic processes
that form hydrothermal dolomite reservoirs (i.e., leaching and dolomitization of
limestone by low temperature basinal brine) produce brecciation and sulfidation but the
alteration within the Appalachian basin is not as intense as CTD. Furthermore, there is
no orogenic overprint. However, since the stratigraphy of the referenced studies in the
eastern USA is similar to that of the Goldrush area (in terms of amplitude contrasts

above and below brecciation), we gain confidence in this analogue.

The carbonate-hosted Kombat and Tsumeb base-metal deposits of Namibia represent
the closest CTD analogue that has been seismically imaged within the mining industry.
But, only one seismic image is presented and no attributes were calculated (Stevenson
et al., 2003). Furthermore, amplitude dimming of karsted horizons is not discussed. This
may be a result of inadequate processing; prospective ground in this area was imaged
via the simpler and more approximate process of NMO correction and post-stack
migration. Pre-stack depth migration and amplitude preservation performed on the
seismic data used in this study is a more robust seismic processing tool that may have

allowed for better imaging of mineralization.

Amplitude dimming of events through the brecciated ore-zone is also consistent with
siliciclastic gas chimney responses (Arnsten et al., 2007; Meldahl et al., 2001). However,
the seismic response is often high in frequency with chaotic features that are far more
vertically oriented when compared to the ore-zone. The geologic processes that

produce gas chimneys, which are not well understood, may involve interconnected
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fracture networks and/or diffusion in sediments (Arnsten et al., 2007). This makes the
gas chimney a subordinate analogue relative to hydrothermal dolomite reservoirs (e.g.,

Appalachian Basin, USA).

Frequency shadows are prevalent under the basalt to the east, which is consistent with
observations of wave propagation through volcanic rocks of the Snake River Plain (Pujol
& Smithson, 1991). These areas are highlighted by the frequency shadow attribute in
Figure 16d. Most research on frequency washout relates to low-frequency shadows
below gas charged sediments, which also attenuate the propagating wave (Ebrom,
2004). Such shadows exist within the ore-zone, and may be related to anomalous high-
frequency attenuation within the Tertiary units above the ore-zone (note the low
frequencies above the ore-zone in Figure 16a). Alternatively, the low frequency
response could be related to attenuation within the breccia zone itself, which would

have exploration implications.

The sweetness high observed within the ore-zone in Figure 16c is a function of high
frequency to energy ratios. There is no literature related to the sweetness attribute as
applied to carbonate environments. However, it appears that lower wavelength and
lower energy produce sweetness highs within our PSDM dataset; once again, this
represents a seismic signature consistent with both the ore zone and the noisy margins

of the dataset.
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Low GLCM entropy values seen in Figure 17b indicate that the majority of the ore-zone
is expressed as a relatively homogenous area. This is counterintuitive and contradicts
observations made by Yengu et al. (2010) that suggest high entropy values for altered
limestone in Alberta, Canada. The entropy attribute may not provide diagnostic results

since the majority of our PSDM section dataset exhibits high disorderliness.

The similarity attribute has successfully defined faulting within altered carbonates of the
eastern USA (e.g., the Trenton-Black River reservoir in eastern Ohio; Sagan & Hart, 2006;
Hart, 2004). In our case, time and dip-related attributes (e.g., the similarity attribute
seen in Figure 17c) were unable to identify structural features. This is due to the wormy
and discontinuous character of most of our reflectors. High dissimilarity and dip based
variance values predominantly highlighted noise, especially in the vertical direction. The
ultimate reason for such noise is most likely due to common reflection point smearing
during migration, an inherent problem related to hard-rock seismic data when velocity
models do not appropriately represent lateral variations. Figure 17c shows the
instantaneous phase attribute, which provides the best visualization of the seismic data
for the purposes of structural interpretation. This attribute allows for the delineation of

large antiformal shapes within the data that are possible imbricate stacks.
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Figure 21 — Sweetness and frequency shadow attributes with modified color bars to
highlight the ore-zone. Only the area of high seismic data-quality is shown (migration
artifacts towards the margin of the dataset and basalts to the east are subset out of the
view). A thin pink line marks the bottom of the Tertiary section, and a black box marks
the ore zone. There is no vertical exaggeration.

4.3 Structural Model

The instantaneous phase attribute, shown in Figure 18, transformed the raw amplitude
data into a section with sharp and equalized events that allow for improved structural
interpretability. This attribute was particularly useful for picking of curved events

indicative of possible thrust surfaces.

The imbricate thrust stacks shown in Figure 18a are an interpretation of seismic data
alone. Geologic logging indicates undifferentiated DW throughout the proposed roof
thrust (drill hole numbers: 1, 2, 3, 4, and 5), which makes this duplex structure model
highly speculative. However, the arcuate reflectors, which are visible in the original

PSDM and highlighted by the instantaneous phase attribute, suggest the presence of
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stacked thrust sheets. Additionally, logging of drillholes near Line 4 to the north, suggest
that the model proposed in Figure 18 is feasible. Here, a DW4 over DW5 contact exists
at an arcuate reflector. Furthermore, an antiformal structure of similar wavelength and
size is imaged in all four seismic lines; the axis of this possible fold structure exhibits a

trend similar to that of the ore body (i.e., N30°W).

The pair of listric faults shown in Figure 18a may explain the presence of curved
reflectors within the eastern portion of the seismic section. Here, reflectors may
represent rollover in the hanging wall of listric normal faults. One interpretation for
these listric faults could include normal faulting that reactivated older thrust surfaces,
which is documented in the Sevier fold-thrust belt in Utah, Idaho, and Wyoming
(Constenius, 1996). Normal movement could have conceivably occurred during Tertiary
extension but must predate the overlying Eocene volcanics, since no displacement of
reflectors is observed in the Tertiary fill. Geologic logging in drill hole number 10
indicates a substantial amount of faulting (101 continuous ft) that supports the
interpretation of the easternmost listric fault. The backthrust shown in Figure18a is
supported by thickening of DWS5 in drill hole number 8 as well as discontinuous

reflections in this area.

Figure 20b introduces an alternative, simpler structural model. Here, thrusting is only
illustrated where confirmed by drilling (i.e., DHC repetition in the northwestern portion
of the seismic section). The normal listric faults shown in this interpretation could be

explained in the same manner as mentioned in the previous paragraph. Furthermore,
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they could plausibly sole into an extensional detachment fault, which could be
represented as the floor thrust in Figure 20b (Constenius, 1996). This model, however,
may not be likely due to the widespread occurrence of older-over-younger DW

relationships in the Goldrush area.

The decollement horizon for thrusting or normal slip is represented as a strong, sub-
horizontal reflector in Figure 18a. This pick is speculative due to a lack of core drilling

and degraded seismic quality at this depth. It may exist deeper in the section.

5 Conclusions

Both carbonate petroleum and CTD exploration attempt to better understand
diagenetic environments and overprinting geologic processes that increase porosity and
permeability of the carbonate host rock (Cook & Corboy, 2004). Much of the literature
pertaining to seismic attribute analysis in the carbonate environment aims at defining
stratigraphic and morphological features of the passive-margin platform-slope setting.
In most oil and gas reservoirs, this setting exhibits little structural deformation, which
produces high signal-to-noise seismic data amenable to a broad spectrum of attribute
analysis. In CTD seismic, time-based attributes, such as coherency, dip and derivatives
thereof, cannot accurately define diagenetic due to the discontinuous and wormy
nature of reflections. Tertiary tuffs and basalts produce multiples and degrade seismic
guality. The orogenic and magmatic overprint on the carbonate platform-slope setting

of northeast Nevada make interpretation of attributes more difficult. However, this



66

study has shown that CTD alteration may produce a chaotic dim-spot in PSDM data,
which can be highlighted via seismic attribute analysis. Furthermore, smoothed
instantaneous phase provides enhanced visualization of reflectors for structural

interpretation.

The vast majority of hard-rock seismic mineral exploration studies performed in the past
have not had the advantage of imaging stratigraphic features such as porous breccia
zones. The porosity and associated fluid/water content of carbonate breccias in the CTD
environment allow for a more robust approach to seismic analysis when compared to
these previous studies. Increased zones of porosity produce significant rock property
contrasts between altered and unaltered limestone in the Goldrush environment. In the
case of Line 3, simple observation of reflection coefficients within the PSDM was
sufficient to observe the dim-spot, which is coincident with these zones of increased
porosity. Furthermore, analogues, such as the Trenton-Black River carbonates of the
Appalachian Basin, suggest that the chaotic dim-spot associated with the Goldrush

breccia is a defining seismic characteristic of alteration in this area.

The sweetness and frequency washout attributes best highlight the ore. Isolated
pockets of increased frequency washout and sweetness may be indicative of alteration,
whereas broad zones represent seismic noise and attenuation of signal not related to
the ore-zone. These attributes are capable of highlighting seismically attenuating areas
having chaotic reflections, which may be indicative of brecciation and alteration.

However, both of the responses are highly variable within the ore-zone and should
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therefore be used with caution. Smoothing via lateral median filtering proved to be an
important tool in improving the interpretability of CTD seismic data for structure,
particularly when the smoothed PSDM was used as an input for instantaneous phase

calculation.

More advanced studies are warranted, such as seismic inversion and well-property
prediction via neural networks. These studies require a shift towards the oil and gas
industry approach, which involves defining stratigraphy by downhole geophysical
logging. In this study, drill-core petrophysics proved to be a very important tool in
establishing trends between unaltered and altered rock. With enough samples, a
statistically significant relationship between alteration and petrophysical properties can
be ascertained. However, the accuracy and resolution of core data does not appear to
be sufficient to replicate wire-line logs for the purposes of advanced processing such as
forward modeling, well-property prediction or inversion. Ideally, three to five sonic or
VSP logs in addition to one density log per 2D line would allow for appropriate control
for both rock-property prediction and seismic-to-well ties. One density log would allow
for a modification of coefficients in Gardner’s equation to better suit the CTD
environment. This would provide fairly accurate estimates of density from all sonic or

VSP holes and a better chance at porosity prediction via neural network analysis.
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