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Abstract: In the last decade a New Geophysics has been proposed, whereby the crust and uppermost ~400 km of the mantle of the Earth
are so pervaded by closely-spaced stress-aligned microcracks (intergranular films of hydrated melt in the mantle) that in situ rocks verge
on failure by fracturing, and hence are critical-systems that impose a range of fundamentally-new properties on conventional sub-critical
geophysics. Enough of these new properties have been observed to confirm that New Geophysics is a new understanding of fluid/rock
deformation with important implications and applications. Evidence supporting New Geophysics has been published in a wide variety of

publications. Here, for clarification, we summarise in one document the evidence supporting New Geophysics.
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1. Introduction

Stress-aligned shear-wave splitting (SWS) (seismic birefringence)
is widely observed: in the shear-wave window at the Earth’s sur-
face above small earthquakes in geological and tectonic regimes
worldwide (Crampin, 1994; Gerst and Savage, 2004; Crampin and
Peacock, 2008; Crampin and Gao Y, 2013; Gao Y et al., 1995, 2010,
2011; Shi YT et al., 2009; Zhao B et al., 2012); in record sections of
seismic exploration (Alford, 1986; Angerer, 2002; Helbig and
Thomsen, 2005); and in shear-waves propagating through the up-
permost ~400 km of the mantle (Silver, 1996; Savage, 1999; Gao Y
et al,, 2010). The SWS in the mantle, although typically attributed
to propagation through stress-aligned mantle crystals, is arguably
more likely to be caused by stress-aligned intergranular films of
hydrated melt (Crampin, 2003). (The shear-wave window dis-
cussed by Booth and Crampin (1985) is the range of ray path in-
cident-angles at the free surface which are less than the critical
angle for P-wave reflections, sin-1(Vs/Vp), typically less than ~35°,
for which incident shear-wave waveforms are preserved at sur-
face observations.)

Indicative of some form of seismic anisotropy, in principle SWS
could be caused by a variety of different phenomena. However,
the only anisotropic symmetry system with the observed parallel
SWS polarisations at a horizontal free-surface is hexagonal sym-
metry (transverse isotropy) with a horizontal axis of cylindrical
symmetry (Crampin, 1981; Crampin and Kirkwood, 1981). This is
commonly referred to as HTI-symmetry, and the only common
geological phenomenon that has HTl-symmetry in almost all rocks
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is stress-aligned parallel vertically-oriented fluid-saturated micro-
cracks (Crampin, 1994; Crampin and Peacock, 2008; Crampin and
Gao Y, 2013; Gao Y et al,, 1995). Seismic propagation in distribu-
tions of parallel vertically-orientated thin-layers would also have
HTI-symmetry, but such distributions are rarely found. Con-
sequently, observation of parallel SWS polarisations at the surface
immediately indicates distributions of parallel vertical stress-
aligned microcracks along shear-wave ray paths at depth within
the Earth. Such SWS is illustrated schematically in Figure 1. Since
microcrack geometry is sensitive to changes of stress and con-
trols SWS (Crampin, 1994; Crampin and Peacock, 2008; Crampin
and Gao Y, 2013; Gao Y and Crampin, 2004; Gao Y et al,, 1998;
Teanby et al., 2004; Gerst and Savage, 2004), observations of SWS
provide the opportunity to monitor changes of stress deep within
the Earth.

Note that occasionally the polarization of the observed SWS is or-
thogonal to the direction of maximum stress. This is typically
when shear-wave ray paths penetrate the critically high-pressure
envelopes enclosing all seismically-active fault planes. Such high-
pressures induce 90°flips (Angerer et al., 2002) into the polariza-
tions of leading split shear-waves (Crampin et al., 2002, 2004a).

The degree of observed SWS in ostensibly unfractured rock
throughout the crust and upper mantle is from a minimum of
~1.5% to a maximum of ~4.5% shear-wave velocity anisotropy
(~1.5%SWVA to ~4.5%SWVA) (Crampin, 1994; Crampin and Pea-
cock, 2008; Crampin and Gao Y, 2013). Crack density is a dimen-
sionless parameter ¢ = Na3/v, where N is the number of cracks of
radius a in volume v (Hudson, 1981). Since ¢ is approximately
%SWVA/100, the observed percentages of SWVA indicate crack-
densities ¢ ~~0.015 to ~0.045 as imaged in Figure 2 (Crampin,
1994), which shows cross-sections of uniform three-dimensional
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poses a range of fundamentally-new properties on conventional
sub-critical physics that are part of a New Physics (Davies, 1989b).
Hence the proposed New Geophysics (Crampin, 2004, 2006), re-
viewed by Crampin and Gao Y (2013). For convenience, Supple-
mentary Material briefly summarises New Geophysics and Table
) S1 lists some of the new properties imposed by the critically mi-
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Figure 1. Schematic illustration of shear-wave splitting in stress-
aligned microcracked rock, where oy, o, and oy are the maximum-
horizontal, minimum-horizontal, and vertical stresses, respectively.

2. The Range of Evidence for New Geophysics

Zatsepin and Crampin (1997) and Crampin and Zatsepin (1997)
suggest that stress-induced deformation of fluid-saturated micro-
cracked rock is caused by migration of pure-fluids along pressure
gradients between microcracks at different orientations to the
stress-field. Known as Anisotropic Poro-Elasticity (APE), the pro-
cess is illustrated schematically in Figure 3, which shows horizont-
al cross-sections of stress-induced modifications to an initially ran-
domly oriented microcracked rock for four values of differential
horizontal stress, Sy: 0.0, 0.5, 1.0, and 3.0.

distributions of parallel vertical penny-shaped cracks for a range
of values of SWVA. Although we do not suggest the microcracks
are necessarily penny-shaped, the in situ microcracks are so small
and so numerous that small deviations make negligible differ-
ences to SWS observations (Crampin, 1994; Crampin and Peacock,
2008; Crampin and Gao Y, 2013).

The first two images in Figure 2, for the observed SWVA ~1.5% to
~4.5%, show that ‘microcracks’ are so closely-spaced in the Earth
that they verge on failure (at fracture-criticality) and hence are crit-
ical-systems (Davies, 1989a; Crampin and Peacock, 2005, 2008;
Crampin and Gao Y, 2013). Fracture-criticality is the level of crack-
ing at which rocks will fracture if there is any disturbance. The ob-
served SWVA in Figure 2 shows that microcracks verge on frac-
ture-criticality at SWVA just above 4.5%. We identify fracture-crit-
icality with the percolation threshold, which for fluid-saturated
stress-aligned microcracked rock is at ¢ ~~0.05 (~5%SWVA)

(Crampin and Zatsepin, 1997). The behaviour of phenomena ver-
ging on failure at singularities (aka double-points, tipping-points,
bifurcations, or the case of geophysics, fracture-criticality) im-

Figure 3 shows, top-left, a horizontal cross-section of oriented ver-
tical microcracks at zero horizontal differential stress, Sy = 0. At
zero differential stress the intergranular microcracks have equal
aspect-ratios; since the symmetry of elastic-constants means that
hexagons are necessarily isotropic, there is no shear-wave velo-
city-anisotropy (0%SWVA), and the microcracks are effectively ran-
dom. Thus the hexagons of microcracks top-left are a small selec-
tion of randomly oriented microcracks.

For a small increase of stress, Sy = 0.5, top right, some pore-fluids
follow pressure gradients between microcracks at different orient-
ations to the stress-field. Crack aspect-ratios are marginally in-
creased parallel to the direction of maximum horizontal stress but
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Figure 2. Schematic illustration of uniform cross-sections of three-dimensional distributions of penny-shaped microcracks for five percentages
of shear-wave velocity-anisotropy (%SWVA). Above each distribution are listed: %SWVA, ¢, crack-density; and g, crack radius in a unit cube.
Fracture-criticality is indicated at ~5%SWVA.

Crampin S et al.: Evidence supporting New Geophysics



Si=0 )\ SH—O.s)\ v
A it
\ \

v \
oy e

A

Si=1 )\ v Si=3 )\ v
A A
\ \

A \ \< \
()7
| A A

S —

Figure 3. Schematic illustration of deformation of microcracked rock
by Anisotropic Poro-Elastic (APE). Horizontal cross-section of an
initially random distribution of fluid-saturated vertical microcracks
deformed by four values of horizontal differential stress, Sy, =0, 0.5,
1.0, 3.0. Behaviour described in text.

as microcracks remain open, the SWS velocity-anisotropy is negli-
gible (~0%SWVA). As stress increases, (bottom left) microcracks
first begin to close at a differential stress, normalised to Sy = 1, for
crack faces normal to the direction of maximum horizontal stress
(Crampin, 1994; Crampin and Peacock, 2008, Crampin and Gao Y,
2013), and anisotropy jumps from zero to approximately the
1.5%SWVA minimum observed in the Earth (Figure 2). As stress in-
creases, Sy = 3 (bottom right), aspect-ratios and SWVA continue to
increase until at fracture-criticality (5%SWVA, not illustrated), the
percolation threshold is reached (Crampin and Zatsepin, 1997),
where the microcracks are approximately aligned parallel to the
direction of maximum horizontal stress, and the rock will fracture
and an earthquake will occur if there is any disturbance. Note that
the distinctive minimum ~1.5%SWVA was recognised in the field
(Crampin, 1994) before the behaviour was modelled by APE in
Figure 3 (Crampin and Zatsepin, 1997).

APE-modelling (Figure 3) of the deformation of the stress-aligned
fluid-saturated microcracks in the New Geophysics of a micro-
cracked rock mass, approximately matches the large number of
phenomena listed in Table 1 along thousands-to-millions of indi-
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vidual source-to-receiver ray paths. The match is approximate be-
cause the details of the stress-induced behaviour of in situ micro-
cracks in the interior of the Earth are not known and only inferred
from observations of SWS. The list in Table 1 could easily be exten-
ded. The phenomena range from simple observational evidence:
such as the minimum ~1.5%SWVA observed in all types of in situ
rocks from 20%-porosity sedimentary rocks to 2%-porosity ig-
neous and metamorphic rocks (Crampin, 1994; Crampin and Pea-
cock, 2008);to the maximum ~4.5%SWVA similarly widely ob-
served; and the more subtle reasons such as the linearity of the
Gutenberg-Richter magnitude log-frequency relationship (Cramp-
in and Gao Y, 2015); and other phenomena some of which are dis-
cussed in Sections 3.1 to 3.7, below. None of these can be ex-
plained by conventional sub-critical geophysics without the intro-
duction of innumerable special cases.

3. Direct Evidence for New Geophysics

We summarise a range of phenomena that provide direct evid-
ence for the utility of the New Geophysics of critical distributions
of fluid-saturated stress-aligned microcracks.

3.1 Using APE to Model the Waveforms Before and After
High-Pressure CO,-Injections

Angerer et al. (2002) used APE to model the waveforms of three-
component reflection surveys in a fractured dolomite reservoir
before and after both critically-high-pressure and low-pressure
COy-injections in the Reservoir Characterisation Project (RCP) of
Colorado School of Mines in Vacuum Field, New Mexico (Roche et
al., 1997). APE-modelling accurately predicted the changes in SWS
following both injections. Referring to the critically-high-pressure
injection: Figure 4 shows, top row, two-way record sections of S1-
and S2-oriented shear-wave reflections and P-wave reflections
(before injection) from shear-wave vibrators. The reflections were
shot in a 25 m-grid of three-component recorders and shear-wave
vibrators. S1- and S2-waves are the faster and slower split shear-
waves, which are oriented in directions of the maximum and min-
imum horizontal-stress, respectively (Angerer et al., 2002). The
first five traces are the observed traces at the nearest field record-
ers, and the last three traces are APE-modelled traces for the
known velocity structure with a microcrack structure designed to
match the existing crack-induced 2%SWVA. The top and bottom
of the intended injection zone (identified by RCP) are marked by
arrows to the right, with a 172 ms delay for S1 and 174 ms for S2,
showing that S1 is the faster split shear-wave. The match of obser-
vations to APE-modelled traces is good, where the modelled seis-
mograms have omitted reverberations.

The bottom two sections show the same recorder orientations
and APE-modelling following a CO,-injection of 17 MPa over-pres-
sure into the (arrowed) target zone. The five observed traces show
differences particularly in the target zone. The APE-modelled
traces take the theoretical model for the pre-injection values, in
the top record sections, and theoretically introduce the 17 MPa in-
jected pore-pressure into the APE modelling. Again, the match of
observations to APE-modelled traces is good, showing the suc-
cess of the APE-modelling procedure and confirming New Geo-
physics. This is a demonstration of the applicability of APE-model-

Crampin S et al.: Evidence supporting New Geophysics



176 Earth and Planetary Physics  doi: 10.26464/epp2018018
Table 1. Evidence supporting APE and the crack-critical New Geophysics (after Crampin and Gao Y, 2013)

Evidence inexplicable in terms of conventional sub-critical geophysics* Ref*

1) Shear-wave splitting is observed in almost all in situ rocks in the crust and upper mantle. [1,2 3]

2) There is a minimum SWVA of ~1.5% in almost all in situ rocks. [1,2 3]

3) There is a maximum SWVA of ~5.5% in ostensibly unfractured rock. 1,2 3]

4) Fracture-criticality limit .of SWVA is ~5.5% in in situ rocks independent of rock-type, geology, tectonics, and porosity, etc, 1,2 3]
where SWVA of ~5.5% is the percolation threshold for parallel cracks.

5) High pore-fluid pressures induce 90°-flips in polarizations of the faster split shear-waves. [4, 5]

6) Explains the large ("+80%") scatter in shear-wave time-delays above small earthquakes. [5, 6]

7) Effects of CO;-injections on seismic reflection surveys modelled by APE. [4, 5, 6]

8) Stress-accumulation observed before earthquakes. [7,8,9]

9) Time, magnitude, and impending fault-break successfully stress-forecast in real time. [8, 9]

10) Stress-relaxation (crack-coalescence) observed before earthquakes. [2, 10]

11) Stress-accumulation observed before volcanic eruptions. [2,7,8]

12) Ex.treme sensitivity; stress-variations observed in Icelanfj two and a half years before the Sumatra Earthquake at the [11]
width of the Eurasian Plate (~10,500 km) from Indonesia.

13) Explains how a stressed rock differs from an unstressed rock. [12]

14) Explains how the enormous stress-energy before a large earthquake accumulates without inducing smaller earthquakes. [12]

15) Explai_ns why ini_tial stress drop at an earthquake is smal_l (typically 2 to 4 MPa) and independent of earthquake [12]
magnitudes which may vary by over 10 orders of magnitude.

16) Explains how irregular fault-planes slip when constrained by enormous lithostatic stress. [12]

17) Explains_ why we cannot deterministically predict but can stress-forecast the time, magnitude, and fault-break of [12]
impending earthquakes.

18) Explains why the Gutenberg and Rither (195.6) relationship between logarithms of cumulative frequencies of 13]
earthquakes and earthquake magnitudes is linear.

19) Partly explains why, despite huge investment, average recovery is less than 40% of in-place oil. [14]

* Without innumerable special cases.

* References: [1] Crampin(1994, 1999); [2] Crampin and Peacock (2008); [3] Crampin and Zatsepin (1997); [4] Angerer et al. (2002); [5] Crampin et
al. (2002); [6] Crampin et al. (2004a); [7] Volti and Crampin (2003); [8] Crampin et al. (1999); [9] Crampin et al. (2008); [10] Gao Y and Crampin
(2004); [11] Crampin and Gao Y (2012); [12] Crampin et al. (2013); [13] Crampin and Gao Y (2015); [14] Crampin (2006).

ling to the New Geophysics. Note that the velocities of P-waves
are insensitive to fluid-saturated microcracks (Crampin and Kirk-
wood, 1981) and the time-lapse P-wave reflections show negli-
gible differences.

An additional distinctive feature is also observed and modelled.
Following the high-pressure COs-injection, the time-delays
between the top and bottom of the injection zone are now 204
ms for S1 and 184 ms for S2, showing that after the high-pressure
injection the S2-wave has become the faster SWS phase. There
has been what Angerer et al. (2002) call a ‘90°-flip’ in shear-wave
polarisations. Such flips have also been observed in a walk-away
vertical-seismic-profile in a high-pressure Caucasus reservoir
(Crampin et al., 1996), and immediately above swarms of small
earthquakes when the shear-waves pass though the high-fluid-
pressure envelopes surrounding all seismically-active faults
(Crampin et al., 2002, 2003, 2004a). Thus APE identifies and mod-
els an unexpected feature of the effects of critically high-pressure
pore-fluids in hydrocarbon reservoirs, and earthquake fault monit-
oring, which provide strong support for the validity of New Geo-
physics. These phenomena match properties P2 Monitorability, P3
Uniformity, P4 Calculability, and P5 Predictability in Table S1.

3.2 Extreme Sensitivity where the SWS Shows the Effects
of Seismicity Equivalent to a M 3.5 Earthquake at ~70
km from the Source Zone

Figure 5 shows observations from the SMSITES experiment
(Crampin et al., 2003). A shear-wave source in a cross-hole seismic
experiment excited SV- and SH-waves at 500 m-depth between
two boreholes 315 m-apart, adjacent (at ~100 m-distant) and par-
allel to the Husavik-Flatey Transform Fault (HFTF) of the Mid-At-
lantic Ridge (MAR) as it runs onshore in Northern Iceland. The
downhole-orbital-vibrator source (DOV) (Walter et al., 2003) was
pulsed in sweeps to 250 Hz over 12-20 s, two or three times each
minute, and stacked every 100 sweeps for 24 hours each day.

Figure 5 shows observations over 13 days, 11-24 August 2001
(with two short breaks for equipment assessment). The figure
shows: (a) P-wave travel times, with an immediate 5 ms increase in
travel time, followed by a linear decrease in travel time over nine
days with 6% velocity anisotropy; (b) a 2 ms (2%SWVA) SWS differ-
ence in SV- and SH-wave travel times showing a classic ‘S’-shaped
stress-relaxation decrease in travel times over five days; (c) 10%
shear-wave velocity-anisotropy in SV-SH travel-times; (d) NS and

Crampin S et al.: Evidence supporting New Geophysics
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Figure 4. (a) Pre-injection waveforms of a multi-component nearly-
vertical ray reflection survey near the centre of Vacuum Field, New
Mexico, carbonate reservoir (Angerer et al., 2002). S1-, S2-, and P-
waves are reflection sections with mutually orthogonal polarisations,
where the horizontals S1, and S2, have been rotated into the split
shear-wave polarisations parallel and perpendicular to the direction
of maximum horizontal stress, respectively. Left-hand (LH) five traces
are observed waveforms at adjacent recorders 17 m apart, and the
right-hand (RH) three traces are synthetic seismograms modelled by
APE to match the shear-wave and SWS arrivals. Top and bottom of
injection zone for shear waves are marked by arrows with time-delays
in ms/km. (b) Post-injection waveforms two-weeks after a high-
pressure COx-injection. Again, the LH traces are observations and RH
traces are synthetic seismograms modelled by APE with the structure
from (a) and an injection pressure of 6.4 MPa (after Angerer et al.,
2002).

EW Global Positioning System (GPS) measurements showing an
immediate abrupt NS pulse with following displacements com-
patible with a right-lateral 4 mm movement of the approximately
EW HFTF; (e) water pressure showing bi-diurnal tidal oscillations at
33 m-depth in a water-well on the island of Flatey immediately
above the HFTF, showing an impulsive 1 m drop in water-pres-
sure lasting five days; and (f) a histogram of small earthquakes
within 100 km of SMSITES, Husavik, Iceland (Crampin et al., 2003).

The histogram (f) records a swarm of 106 small earthquakes (M <
2.5), with an equivalent energy less than a single M3.5 earthquake,
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near the Island of Grimsey, ~70 km NNE of Husavik, on the
Grimsey Lineament of MAR, parallel to HFTF. The onset of the his-
togram coincides with the beginning of the variations in Figures
5a-5e. The energy-equivalent M 3.5 earthquake is small with a
conventional source zone of a few hundred metres in radius. Thus
the observations in Figure 5, at ~70 km from the earthquake
source, are at hundreds of times the radius of the conventional
earthquake source zone, and show the extreme sensitivity expec-
ted in New Geophysics (property P8 Sensitivity, Table S1). These
various phenomena match properties P2 Monitorability, P3 Uni-
formity, P4 Calculability, P5 Predictability, P7 Universality, and P8
Sensitivity in Table S1.

Note that, as both principal stresses and recording directions at
SMSITES are aligned approximately NS and EW, the recording
geometry is in nearly singular directions. Consequently, numeric-
al modelling of the phenomena would be ambiguous and im-
possible to resolve.

3.3 Real-Time Stress-Forecast, where the Time,
Magnitude, and Fault Break of An M5 Earthquake was
Successfully Stress-Forecast Three Days Before it
Occurred

Figure 6 shows SWS time-delays measured at Station BJA of the

South Iceland Lowland seismic network of the Iceland Meteorolo-

gical Office (IMO) by visual inspection of polarisation diagrams for

the four years, 1996-1999. BJA is sited in the SW Iceland trans-
form zone of MAR which generates nearly continuous swarms of
small earthquakes in the shear-wave window of BJA suitable as
sources for monitoring SWS (Volti and Crampin, 2003). (Iceland is
in a unique location as the only place known to the authors where
the seismicity of mid-oceanic-ridge transform-zones runs onshore
providing suitably-persistent swarms of small earthquakes for
routine monitoring of SWS.) The lower half of Figure 6 shows
measured time-delays in Band-1 directions in the shear-wave win-
dow, where Band-1 directions are sensitive to crack aspect-ratios
that change with varying stress (Crampin, 1999). Note that the

"+80%" scatter in Figure 6 (Table 1, Item 6) in the SWS time-delays

is due to 90°flips in shear-wave time-delays caused by shear-

waves from the SWS source passing through the critically high-flu-
id-pressure envelopes surrounding all seismically-active faults

(Crampin et al., 2002, 200443, also see Sections 3.1 and 3.2, above).

The Band-1 SWS time-delays show stress-accumulation before the
October, 1996 Gjalp fissure eruption beneath the Vatnajokull Ice
Cap (Volti and Crampin, 2003), followed by a ~2 ms/km/year de-
crease over two years, interpreted as the response of the MAR to
the stress released by the Gjalp eruption. Stress-accumulations
before five smaller earthquakes are superimposed on the two-
year decrease (Figure 2, No. 1b in Crampin et al.,, 2015, henceforth
referred to as Paper 1). In 2008 it was recognised that stress was
accumulating preparatory to an impending earthquake, and on
10th November, 1998, Edinburgh University (EU) sent an email
stress-forecast to IMO: “... an event could occur any time between
now (M >5) and the end of February (M >6).” Three days later on
13t November, 1998, IMO emailed EU: “... there was a magnitude
5 earthquake just near to BJA ... this morning 10.38 GMT.” (Crampin
et al., 1999, 2004b, 2008). Co-author Ragnar Stefansson had previ-

Crampin S et al.: Evidence supporting New Geophysics
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Figure 5. Observations at a prototype Stress-Monitoring Site (SMS) (Crampin et al., 2003). (a), (b), and (c) are travel times in ms of P-, SV-, and SH-
waves, and SV-SH anisotropy, respectively, at 500 m-depth between boreholes 315 m-apart. The directions are parallel to and about 100 m south
of the Husavik-Flatey Transform Fault (HFTF). Shear-waves are polarised SV- and SH-waves propagating horizontally in a symmetry direction of
the stress-field. Also shown are (d) NS and EW GPS displacements in mm; and (e) water pressure measured in bars at 33 m-depth in a water-well
immediately above the HFTF, where the bi-diurnal oscillations are ocean tides, and the abrupt decrease ‘pulse’ is equivalent to a 1 m fall in water
level. The onset of variations in (a) to (e) correlate with (f) a histogram of small earthquakes within 100 km of SMS, where the initial concentration
is 106 small earthquakes (M <2.5) on a parallel transform fault ~70 km NNW of SMS, whose total energy is approximately equivalent to one M 3.5

event.

ously correctly forecast the fault-break, following an earlier pre-
liminary stress-forecast. Stefansson correctly suggested that the
impending earthquake would be likely to occur on a neighbour-
ing fault where low-level seismic activity was still continuing fol-
lowing an M 5.1 earthquake six months earlier.

We suggest that this 1998 M 5 earthquake in SW Iceland is the first
scientifically stress-forecast earthquake (Crampin et al., 1999,
2004b, 2008). It is different to several less-accurate probabilistic
estimates by other geoscientists such as Kossobokov (2013). Note
that we use the term stress-forecasting of earthquakes, rather than
predicting or forecasting earthquakes, to empathise the different
methodology.

Figure 7a (from Gao and Crampin, 2004) expands the variations of
SWS time-delays in Figure 6 before the stress-forecast earthquake
in a convenient format for displaying stress-forecasts as used in
Figure 1 in Paper 1 and in Gao and Crampin (2004). Gao Y and
Crampin (2004) were the first to recognise stress-relaxation (crack-
coalescence) decreases in SWS time-delays. Consequently the suc-
cessful stress-forecast (Crampin et al., 1999, 2004b, 2008) was
based only on the stress-accumulation increases in the left-hand-
side diagram of Figure 7a.The SWS and stress-forecast earth-

quake was introduced clearly in Gao Y and Crampin (2008). Since
earthquake prediction in conventional sub-critical geophysics im-
possible (Geller, 1997; Geller et al., 1997), this stress-forecast, and
the retrospective stress-forecasts in Paper 1 and in Sections 3.4
and 3.5, below, are strong evidence for the critical New Geophys-
ics. These phenomena match properties P2, P3, P4, P5, P7, and P8
in Table S1.

Note that Figure 7a is copied from Gao Y and Crampin (2004) who
used a different lower-magnitude-limit data set for IMO earth-
quakes than that used by Volti and Crampin (2003) in Figure 6.
Consequently, although the SWS effects in Figure 7a are compat-
ible with Figure 6, the exact time-delay data in the figures are mar-
ginally different. Figures 7a and 7b are discussed in Section 3.6,
below.

3.4 Similar Characteristic Behaviour to that Seen in the
One Successful Stress-Forecast (Figure 7a) Seen
Retrospectively Before ~16 Other Earthquakes

Paper 1 presents all known retrospective stress-forecasts and the

one real-time stress-forecast in a normalised format that allows

the overall effects to be compared. Characteristic stress-accumula-
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Figure 6. Variations of SWS time-delays over four years (1996-1999) at IMO seismic station BJA in SW Iceland (after Volti and Crampin, 2003).
Lower diagram is arrivals in Band-1 directions (sensitive to stress changes), and upper diagram is arrivals in Band-2 directions (sensitive to
changes in both stress and crack density) (Crampin, 1999). Both diagrams have nine-point moving averages through the data points. Straight
lines are least-squares averages of time-delays before larger earthquakes marked below. The dashed line marks time interval of two-year decrease
of time-delays of ~2 ms/km/year following the October, 1996, Gjalp volcanic eruption beneath the Vatnajokull Ice Cap.

tion variations of SWS time-delays similar to the successful stress-
forecast in the right-hand-side of Figure 7a are observed retro-
spectively before 16 other earthquakes (Figure 1, Paper 1) and
three volcanic eruptions (Figure 2, Paper 1). The 16 earthquakes
where stress-accumulation has been observed retrospectively
(Table 2), range from an M 1.7 swarm event in Northern Iceland
(Gao Y and Crampin, 2004) to the 2004, M,, 9.2, Sumatra Earth-
quake (Crampin and Gao Y, 2012). Observations of stress-accumu-
lation are considered to be robust and have always been ob-
served whenever appropriate source-to-receiver geometry and
large or larger earthquakes are available (Gao Y and Crampin,
2008). There are no known exceptions where stress-accumulation
has not been observed when suitable source-to-recorder condi-
tions exist (Crampin and Peacock, 2008).

Observations of stress-relaxation (and implied crack-coalescence)
are less robust. Of the 16 earthquakes where stress-relaxation has
been identified in Table 2 (plus the one successful stress-forecast),
only 11 (65%) show stress-relaxation decreases that could be used
for confirming stress-forecasts if SWS time-delays had been mon-
itored in time. Observations of stress-relaxation in real-time re-
quire sufficient small events in the shear-wave source swarm im-
mediately below the monitoring station before the time of the im-
pending earthquake, and these are not always available. Addition-
ally, stress-relaxation decreases may be disturbed by anomalous
high-pore-fluid-pressures known to be present on all seismically-
active faults, causing 90°flips in shear-wave polarisations and
+80% scatter in SWS time-delays (Crampin et al., 2002, 2004a) so
that stress-relaxation may be hidden or uninterpretable. These

phenomena match properties P2 Monitorability, P3 Uniformity,
and P7 Universality of Table S1.

3.5 Extreme Sensitivity where Stress-Accumulation and
Stress-Relaxation were Observed in Iceland Before the
2004 My 9.2 Sumatra Earthquake at a Distance of
~10,500 km, the Width of the Eurasian Plate, from
Indonesia

From September 2002, Crampin and Gao Y (2012) reported very

gradual stress-accumulation increases at seven stations of the

IMO seismic network in Iceland (Figure 1, Nos. 18a-to-18g, Paper 1).

The extreme sensitivity to stress changes had not been recog-

nised at that time and the gradual increase suggested stress-accu-

mulation before a large (M ~7, say) earthquake in Iceland. Ten
stress-forecasts (Table 3) were emailed to IMO from 13th Septem-

ber 2002, updated every few months, stress-forecasting an im-

pending M ~7 earthquake in Iceland. (Seismic stations in Table 3

are listed in bold font for southern stations, and regular font for

northern stations, in an attempt to locate evidence of proximity of
the cause of the increase-no proximity was indicated.) In Septem-
ber, 2004, marginally decreasing time-delays suggested that the
time of the impending earthquake was approaching. However, it
was only after the My 9.2 Sumatra Earthquake on 26t December

2004 had occurred that the extreme sensitivity was recognised

and the gradual stress-accumulation in Iceland attributed to

stress-accumulation before the My 9.2 Sumatra Earthquake in In-
donesia at a distance of ~10,500 km (approximately the width of
the Eurasian Plate) from Iceland (Crampin and Gao Y, 2012). These
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Figure 7. Comparison of variations in SWS time-delays before (a)
earthquake and (b) volcanic eruption in SW Iceland. (a) Detailed plot
July, 1998 to December, 1998 of variations of SWS time-delays in
Band-1 at Station BJA in Figure 6 before the stress-forecast M 5
earthquake of 13t November, 1998 in SW Iceland (Crampin et al.,
1999), where the left-hand side shows least-squares line through the
stress-accumulation increase before the earthquake lasting about four
months. The right-hand side is an expansion of the red dotted box in
the left-hand side showing the stress-relaxation decrease starting
about four days before the earthquake (after Gao Y and Crampin,
2004). (b) Plot of variations of SWS time-delays at Station GOD
showing stress-accumulation and stress-relaxation before the 2010
Eyjafjallajokull eruption Iceland in the same format as (a). The flank
eruption in yellow lasted ~20 days, and the summit eruption in blue
lasted 39 days (after Liu S et al., 2014).

phenomena match properties P2 Monitorability, P3 Uniformity, P7
Universality, and P8 Sensitivity of Table S1. Such extreme sensitiv-
ity (P8) is not expected in conventional sub-critical geophysics
and is a direct confirmation of the critically-microcracked New
Geophysics.

3.6 Nearly Identical SWS Behaviour Before Earthquakes
and Volcanic Eruptions
Figure 7b shows variations in SWS time-delays at seismic Station
GOD before the 2010 Eyjafjallajokull volcanic eruption in Iceland
(Liu S et al.,, 2014). The eruption was unusual in having two epis-
odes of comparatively long duration (Gudmundsson et al., 2011):
a flank eruption of ~20 days from April 14, 2010 (coloured yellow
in Figure 7b) and a summit eruption of 39 days (coloured blue).

The SWS variations at GOD in Figure 7b are compared with the
SWS variations in Figure 7a for the successfully stress-forecast
earthquake M 5 November 13, 1998 at Station BJA (Table 1, No.
10a, Paper 1), which is some 90 km west of GOD. The variations of
SWS time-delays before the earthquake (a) and before the erup-

tion (b) show strong similarities. They both show an approxim-
ately linear (stress-accumulation) increase followed by an approx-
imately linear (stress-relaxation) decrease after an abrupt change
of slope. Both earthquake and eruption occur when the level of
SWS time-delays is approximately at the level at the start of the
stress-accumulation increase. This means that the eruption could
have been stress-forecast to within one or two days (Section 5.2 of
Paper 1-Liu S et al., 2014).

As we have shown (Figure 3a, Paper 1), the slopes of the logar-
ithms of the durations of the stress-accumulation increases be-
fore earthquakes are approximately proportional to the mag-
nitudes of the earthquakes. Since the ‘size’ of volcanic eruptions
depends on many chemical, petrological, and tectonic factors,
there is no unique scale for the size of volcanic eruptions corres-
ponding to the magnitude of earthquakes (Francesca Bianco, per-
sonal note). Figure 7a shows that the logarithm of the duration of
stress-accumulation is proportional to the earthquake magnitude.
The similarity of the duration of stress-accumulation before earth-
quakes (17 earthquakes in Figure 1, Paper 1) to the duration be-
fore volcanic eruptions (three eruptions in Figure 2, Paper 1) sug-
gests that logarithms of the duration of stress-accumulation be-
fore eruptions is a potential means of classification for scaling the
size of volcanic eruptions in some circumstances. By implication,
this would correlatethe energy of an eruption with the proceed-
ing stress-accumulation.

These phenomena match properties P1 Self-similarity, P2 Monit-
orability, P3 Uniformity, P4 Calculability, P5 Predictability, and P7
Universality of Table S1.

3.7 Fundamental Questions (Conundrums) about
Earthquakes Resolved by New Geophysics

Crampin et al. (2013) suggested four fundamental questions
(conundrums) about earthquake behaviour that are inexplicable
in terms of conventional sub-critical geophysics, but are resolved
by the properties of the critical New Geophysics. We summarise
the resolution of the four conundrums and present a fifth conun-
drum:

3.7.1 Conundrum C1: How does stressed rock differ from
unstressed rock?

Observations of SWS show that almost all in situ rock contains an-
isotropic distributions of stress-aligned microcracks where pore-
fluid pressures, in microcracks with varying aspect-ratios, balance
the external stress-field, as in Figure 3 (Crampin and Zatsepin,
1997). These aligned microcracks alter the effective anisotropic
elastic constants by largely elastic processes (fluid-movement by
flow or dispersion along pressure gradients) which can be mon-
itored by SWS. Note that SWS does not measure in situ stress:
changes in SWS time-delays and polarisations monitor the effects
of changes of stress on microcrack geometry.

3.7.2 Conundrum C2: How do in situ rocks accumulate the
enormous stress-energy released by large earthquakes?
Observations of SWS show that the range of stress-accumulation
before fracture-criticality has SWVA values from ~1.5% to ~4.5%
(Crampin, 1994; Crampin and Peacock, 2008). We see from Figure 3
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Table 2. Earthquakes which have been retrospectively stress-forecast from stress-accumulation where stress-relaxation with crack-coalescence

has or has not been identified (after Paper 1)

Magn.$ Year Earthquake identifier Recording location Stress-rel. Ref. f
1 M 1.7 2002 Swarm event, N Iceland N Iceland yes [1]
2 M; 2.5 2002 Swarm event, N Iceland N Iceland yes [1]
3 M 34 1997 SW Iceland SW Iceland - [2]
4 M3.6 1992 Dongfang, Hainan Hainan, China - [3]
5 M4 3.8 1982 Enola Swarm Arkansas, USA yes [4]
6 M; 3.8 1997 SW Iceland SW Iceland - [2]
7 M 4.0 1988 Parkfield, California California, USA - [5]
8 M 4.4 1997 SW Iceland SW Iceland yes [2]
9 M 4.9 2002 Grimsey Lineament N Iceland yes [6]
10 M; 5.1 1998 SW Iceland SW Iceland - [2]
11 M5.9 1992 Shidan, Yunnan Yunnan, China yes [7]
12 Ms 5.9 1999 Xiuyan, Liaoning Liaoning, China - [8]
13¢ Ms 6.0 1986 North Palm Springs California, USA yes [9]
14 Ms 6.6 2000 SW Iceland SW Iceland yes [10]
15 Mw 7.7 1999 Chi-Chi Taiwan yes [11]
16 Mw 9.2 2004 Sumatra Iceland yes [12]

$ Magnitudes are listed as originally reported: many are IMO body-wave magnitude M.
+ Earthquake where changes in SWS were first recognised (Peacock et al., 1988).

— Absent or unreliable stress-relaxation.

* References: [1] Gao Y and Crampin (2004); [2] Volti and Crampin (2003); [3] Gao Y et al. (1998); [4] Booth et al. (1990); [5] Liu Y et al. (1997); [6]
Gao Y and Crampin (2006); [7] Gao Y and Crampin (2003); [8] Tai LX et al. (2008); [9] Peacock et al. (1988); Crampin et al. (1990); Crampin et al.
(1991); [10] Wu J et al. (2006); [11] Crampin and Gao Y (2005); [12] Crampin and Gao Y (2012).

that a small change in crack aspect-ratios (a small change of
stress) takes rock from being unfractured to having microcracks so
closely-spaced they verge on failure at fracture-criticality in critic-
al-systems (Davies, 1989b). This means that the huge stress-en-
ergy accumulated before a large earthquake is necessarily spread
very thinly over very substantial volumes of rock (Crampin and
Gao Y, 2012). It is only when the stress-field senses a weakness
and microcracks begin to coalesce around the impending fault-
plane that the particular fault-plane is identified and an earth-
quake releases stress-energy accumulated in the surrounding rock
mass for the appropriate earthquake magnitude.

3.7.3 Conundrum C3: Why is the stress drop at earthquakes
small and independent of earthquake magnitude?

Comprehensive surveys show that observed stress drops at earth-
quakes are typically small and independent of the magnitude of
the impending event (Allmann and Shearer, 2009; Baltay et al.,
2011). The stress-accumulation and stress-relaxation in Figures 7a
and 7b (and throughout the many images in Figures 1 and 2, Pa-
per 1) show that impending earthquakes and volcanic eruptions
occur (after the stress-relaxation decrease), when the inferred
value of stress is close to the value at the beginning of the initial
stress-accumulation increase. This suggests, and the observations
of Savage and Brodsky (2011) confirm, that there are similar frac-
ture densities (#/m3) with similar physical processes, and con-
sequently similar stress drops, before both large and small earth-

quakes.

3.7.4 Conundrum C4: How do rough and irregular fault
planes slip when constrained by enormous lithostatic
pressures?

APE-modelling demonstrates that the +80% scatter of SWS time-

delays above small earthquakes is caused by 90°-flips in SWS po-

larisations as shear waves pass through the critically-high pres-
sure fluid-envelopes surrounding all seismically active faults

(Crampin et al., 2002, 2004a). Since the average microcrack dia-

meter in Figure 3 is probably less than 2 mm, the inferred crack

densities of 0.015 to 0.045 mean that in in situ rock there may well
be more than 100 deformable microcracks per cubic centimetre.

Each microcrack may make only limited adjustments, but when

microcracks are so numerous and every microcrack responds to

local changes of stress by modifying its aspect-ratio (Crampin and

Zatsepin, 1997), the total adjustment may be substantial. This

makes in situ microcracked rock extremely compliant, and allows

rock around fault-breaks to readily adjust to rugosities and
changes of curvature, particularly in the critically-high pressure
fluid-envelopes expected around seismically active fault-planes

(Crampin et al., 2002, 2004a).

We also present a further conundrum not discussed by Crampin
etal. (2013):
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Table 3. Summary of emailed stress-forecasts (SF) from University of Edinburgh (EU) to Iceland Meteorological Office (IMO) (after Crampin and

GaoY, 2012)

Date Seismic stations with stress-

accumulation relaxation

Seismic stations with stress-

a) Smaller-Earlier to Larger-Later window.
b) Estimate of location.
c) Plots of duration/magnitude.

SF1 13/09.2002 BJA, SAU*, None reported
BRE

SF2 11/11.2002 BJA, SAU, None reported
BRE, FLA

SF3 05/12.2002  BJA, SAU, None reported
BRE, FLA

SF4 07/03.2003 BJA, SAU, KRI, BRE, FLA
BRE, FLA, GRI

SF5 04/04.2003 BJA, SAU, BRE, FLA
BRE, FLA

SF6 18/11.2003 BJA, SAU, Not reported
BRE, FLA

SF7 05/12.2003 BJA, SAU, KRI,

BRE, FLA, GRI, HED

SF8 25/06.2004 BJA, SAU, KRI,

BRE, FLA, GRI, HED

SF9 29/09.2004 BJA, SAU, KRI,

BRE, FLA, GRI, HED

SF10  22/12.2004  BJA, SAU, KRI,

BRE, FLA, GRI, HED

Not reported

Not reported

BJA, SAU, KRI,
BRE, FLA, GRI, HED

BJA, SAU, KRI,
BRE, FLA, GRI, HED

a) M5.6 soon or M6+ in 6 months.
b) no estimate.
c) no plots.

a) M 6.6 soon or M 7+ in 4 months.
b) Husavik-Flatey Fault or Grimsey Lineament.
¢) no plots.

a)M ~ 6.
b) Husavik-Flatey Fault.
¢) no plots.

a) M 7 soon or M 8 in 5-8 months.
b) No estimate of location.
) No plots.

a) M 7 soon or M 8 within 4-7 months.
b) Northern Iceland.
) No plots.

a) M 7+ soon or within a few months.
b) No estimate of location.
) No plots.

a) M 7+ soon or within a few months.
b) No estimate of location.
) No plots.

a) M 7+ soon or within a few months.
b) No estimate of location.
¢) Plots of duration/magnitude.

a) M 7+ imminent.
b) Husavik-Flatey Fault or Grimsey Lineament.
¢) Plots of duration/magnitude.

a) M ~ 7 imminent - consistent stress-
accumulation and crack-coalescence.
b) Somewhere in Iceland.

c) Plots of duration/magnitude.

- 26/12.2004 Sumatra Earthquake

-

*Bold-face font: seismic stations in the South Iceland Seismic Zone in SW Iceland. Regular-face font: seismic stations over 300 km to the north,

near the Husavik-Flatey Fault and the Grimsey Lineament.

3.7.5 Conundrum C5: How has conventional purely-elastic
geophysics satisfied innumerable investigations of
seismic-wave propagation and earthquakes despite the
linearity of the Gutenberg-Richter relationship
demonstrating that, at some level, the behaviour of
seismic waves and earthquakes is incompatible with
purely-elastic geophysics?

Crampin and Gao Y (2015) show that the linearity of the Guten-

berg-Richter relationship is a result of the criticality of the pervas-

ive distributions of stress-aligned fluid-saturated microcracks. The

New Geophysics shows that the Gutenberg-Richter relationship is

a result of the manipulations of the fluid-saturated stress-aligned

microcracks pervasive throughout the Earth’s crust and upper-

most ~400 km of the mantle.

As demonstrated by APE, each of these conundrums can be re-
solved by the manipulation of pore-fluid pressures in the New

Geophysics of a critically microcracked crust (Crampin and Gao Y,
2013; Crampin et al., 2013). These various conundrums match the
wide range of properties of New Geophysics in Table S1.

4. Confirmation of New Geophysics

As with many innovative phenomena, New Geophysics has not
been readily accepted. Schopenhauer (1788-1860) wrote “All
truth passes through three-stages: ridicule; violent opposition;
self-evident.” When we were promoting seismic anisotropy and
crack-induced SWS thirty to forty years ago it took well-over ten
years to pass from ridicule to self-evident (Crampin, 1970; Cramp-
in and King, 1977; Alford, 1986). New Geophysics, which is much
more innovative than SWS and less easy to prove, may take longer
to gain acceptance. One can only accumulate evidence that is sat-
isfied by New Geophysics that cannot be matched by convention-
al sub-critical geophysics (except by innumerable special cases).
Table 1 lists 19 separate items of evidence (along thousands to
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millions of individual source-to-receiver ray paths) supporting the
New Geophysics of a critically-microcracked crust and transform-
ative (easy-deformed) upper mantle; these 19 examples could
easily be extended.

However, the most definitive diagnostic new-property is the abil-
ity to predict (stress-forecast) earthquakes, which is claimed to be
impossible in conventional sub-critical geophysics (Geller, 1997;
Geller et al.,, 1997). Thus the evidence in Table 2 (and Figure 1, Pa-
per 1) that variations of SWS time-delays above swarms of small
earthquakes monitor stress-accumulation before large or larger
earthquakes-so that the time, magnitude, and in some circum-
stances location, of earthquakes can be stress-forecast-is strong
confirmation of the power of a New Geophysics of a critically mi-
crocracked crust.

Figures 1 and 2 of Paper 1 show that the behaviour of SWS is simil-
ar before both earthquakes and volcanic eruptions (Crampin and
Gao Y, 2013). This is confirmed by the strong similarities before
the successful stress-forecast earthquake (Figure 7a) (Crampin et
al., 1999, 2004b, 2008) and before the Eyjafjajokull flank eruption
(Figure 7b) (Liu S et al., 2014). This remarkable similarity is strong
confirmation of New Geophysics. Such similarities could occur in
conventional sub-critical geophysics only if numerous special
cases were devised.

This confirmation of New Geophysics is of similar significance to
its unprecedented sensitivity, demonstrated by the SMITES exper-
imentin North Iceland discussed in Section 3.2. In that experi-
ment, the equivalent energy to a small M ~3.5 earthquake energy
excites classical stress-relaxation anomalies at a distance of ~70
km, hundreds of times the conventional source radius, a clear con-
firmation of the sensitivity of the New Geophysics in a critically-
microcracked crust.

This extreme New-Geophysics sensitivity (P8, Table S1) is also
demonstrated in Table 3 and discussed in Section 3.5, where
stress-accumulation and stress-relaxation were recognised by
changes in SWS in Iceland before the 2004, My ~9.2, Sumatra
Earthquake in Indonesia at a distance of ~10,500 km from Iceland
(Crampin and Gao Y, 2012).

These are a very large number of different phenomena that can-
not easily be explained by conventional sub-critical geophysics,
but are directly indicative of the explanatory and predictive power
of New Geophysics (Crampin et al., 2013) and its many possible
applications, including stress-forecasting of earthquakes, which is
thought impossible in conventional geophysics (Geller, 1997;
Geller et al.,, 1997).

5. Possible Applications in Hydrocarbon Geophysics
There are also possible applications in hydrocarbon geophysics
for which some evidence exists that New Geophysics could be
highly useful.

5.1 SMORE-(S)lower Production for (M)ore (O)il
(RE)covery

One of the characteristics of critical-systems is that the self-similar-

ity and calculability occur only when the complex interactions are
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responding to slow changes (Bak, 1996; Jensen, 1998). Rapid
changes (such as aggressive hydrocarbon production strategies)
are likely to produce chaotic deformation that will not be self-sim-
ilar, easily monitorable, or calculable. This suggests that model-
ling and calculating the response of hydrocarbon systems will be
possible only for slow recovery rates, hence the hypothesis:
Slower production for More QOil REcovery (SMORE) (Crampin,
2006).

The question is how slow is slow and how much more is more?
The delay between the first and second surveys in Figure 4, which
shows the effect of observations and calculations of a high-pres-
sure COy-injection (Angerer et al., 2002; Crampin and Peacock,
2008), was approximately two weeks and was clearly sufficient
time as the results were calculable, but it might have been calcul-
able after days or hours. Note that the slow recovery probably
needs to be for the whole production history. Initial aggressive
production might so disturb the rock as to render it uncalculable.

There are to our knowledge no estimates of how much more is
more. Currently, oil fields frequently recovery less than ~40% of
the oil in the reserve. Thus, even a conservative overall increase of
5% (it might be substantially greater) to ~45% of produced oil
over possibly marginally longer recovery would be ~12% more oil.
This would be additional profit on the initial infrastructure cost of
oil rigs and pipe lines at the cost of a slower recovery rate.

5.2 SWI-Monitoring Production with Time-Lapse (S)ingle-
(W)ell [seismic] (I)maging

The movement of oil/water and gas/water interfaces can be mon-
itored by subtracting record sections before and after some oil
field production procedure in time-lapse seismics.Success de-
pends on successive records shot with identical source-to-receiv-
er geometry. Such detailed sections are expensive offshore, where
many major oil fields are situated, and one of the major expenses
is laying areal arrays of permanent sea-floor geophones and hy-
drophones for optimal time-lapse seismics.

Figure 5 shows time-lapse signals contaminated by substantial
temporal variations in seismic travel times over 315 m correlating
with ~70 km-distant small-scale seismicity. The effects of stress ac-
cumulation before higher seismicity, or volcanic eruptions, are
likely to be seen across the whole tectonic plate (Crampin et al.,
2003; Crampin and Gao Y, 2012). Note that the effects of the New
Geophysics are non-linear, as in the +80% scatter of shear-wave
time-delays observed above all small earthquakes (Crampin et al.,
2002, 2004b), and cannot be interpreted by conventional sub-crit-
ical techniques. Consequently, any in situ measurements necessar-
ily degrade both temporally and spatially as soon they are made,
and the longer the ray paths the greater the possible degradation.

One way to limit such degradation is to make and interpret meas-
urements at the time and place (the producing reservoir) they are
required by Single-Well Imaging (SWI) (Crampin, 2004, 2006). SWI,
illustrated schematically in Figure 8, is where the scattered reflec-
tions from a borehole (DOV) source are recorded by three-com-
ponent recorders behind the casing or tubulars in the same well
as the source. There are time-lapse techniques for interpreting the
scattered signals in terms of changing background: moving
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Figure 8. Schematic illustration of Single-Well Imaging (SWI). Borehole geophones record signals reflected and refracted from signals generated
from pulsed Downhole Oribital Vibrator (DOV) source (Walter et al., 2003) recorded by three-component geophones in the same borehole. (a)
Overall geometry of a string of in-hole three-component geophones recording reflections and refractions of a pulsed DOV source in the same

borehole. (b) Cut-away model cube of rock showing 1/f noise fluctuations in porosity permeability as seen in all borehole logs (Leary, 1991).

Vertical string of geophones and DOV source in the centre of the cube. (c) Colours show variations in porosity and permeability embedded in one

corner of (a). (d) Time-lapse (differenced) (x, y, z) seismograms of reflected/scattered signals recorded by one of three-component inline
geophones. (e) Vector interpretation of (d) showing changes in parameters averaged about **'. (after Crampin, 2004; Courtesy of Peter Leary).

oil/water contacts for example (Crampin, 2004). SWI limits spatial
degradation by recording over the shortest ray path, and limits
temporal degradation by recording over the minimum time inter-
val.

One great advantage of SWI is that it is substantially cheaper
(~1/100, say) than conventional 4D reflection surveys. Since SWI
tracking of fluid fronts is largely independent of geological struc-
ture, SWI could eventually replace costly reflection surveys. Note
that the results of Figure 8 are derived by processing signals from
one three-component geophone. The averaged results from pro-
cessing a string of geophones would be substantially improved.

Note that Figure 8 shows the principles of SWI. Despite the vector
processing being simple and unsophisticated, we suggest that
promising results are obtained. Expensive conventional strati-
graphic processing and time-lapse surveys are the result of many
decades of highly-sophisticated processing and elaborate instru-
mental installations. We suggest that investment into vector pro-
cessing would provide substantial improvements to the results of
Figure 8.

5.3 Optimising Water-Flooding by APE Modelling
The response of the rock mass can be potentially controlled by
matching time-lapse shear-wave splitting in 4D reflection surveys

or VSPs to APE-modelling (such as in Figure 4) by feedback. This
might be important for fluid-injection. If a water-flood operation
were initially monitored by appropriate seismic measurements,
such as VSPs or potentially SWI surveys, it would be possible to re-
cognise whether cracks had opened in the desired directions to
aid fluid-sweep operations. If non-optimal orientations were indic-
ated, different injection procedures could be calculated, mod-
elled, and tested.

This could establish the likelihood of success of a water-flood op-
eration within hours or days of the flood and long before produc-
tion returns indicated success or failure.

An example on influences of water impoundment to SWS charac-
teristics is reported recently in a reservoir in China (Shao YP et al.,
2017). Other possible applications are readily available.

6. Conclusions

Table 4 summarises the evidence for New Geophysics in this pa-
per. We have shown that a huge range and variety of phenomena
satisfy the APE-modelling criteria in Table 1 and the more de-
tailed analyses reported in Sections 3.1 to 3.7, where the resolu-
tion of each example provides more-or-less direct evidence in
support of the New Geophysics assumption of a rock mass per-
meated by critical-systems of microcrack distributions verging on
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Table 4. Summary of evidence for the New Geophysics reviewed in this paper

Evidence Ref.t

1 A range of 19 different phenomena along thousands-to-millions of individual source-to-receiver shear-wave ray paths 12 3]
that cannot be explained by conventional sub-critical geophysics without innumerable special cases (Table 1). e

2) Behaviour modelled to match variations of SWS in changing conditions (Figure 4) including 90°-flips in SWS polarisations 4]
in critically-high pore-fluid pressures.

Extreme sensitivity where small magnitude M= 3.5 earthquake energy induced classic stress-relaxation phenomena for

3) seismic velocities between boreholes at ~70 km distance (Figure 5), at least a 100 times source zone-radius in [5]
conventional sub-critical geophysics.

4 Successful real-time stress-forecast, where the time, magnitude, and fault break of an M5 earthquake was successfully (6,7, 8]
stress-forecast three days before it occurred (Figures 6 and 7a). n
Similar characteristic behaviour to Item 4, above, seen retrospectively before ~16 earthquakes where at least 60% could

5) have been successfully stress-forecast had IMO seismograms been analysed for SWS before the impending earthquakes  [6, 7, 8, 9]
(Table 2).

6 Extreme sensitivity where stress-accumulation and stress-relaxation were observed in Iceland before the 2004 My ~9.2 [10]
Sumatra Earthquake at ~10,500 km from Indonesia (Table 3).

7 Nearly identical SWS-implied stress-induced behaviour before earthquakes and volcanic eruptions (Figures 7a and 7b; [11]
Figures 1 and 2, Paper 1).

8) New properties of New Geophysics allow resolution of five earthquake conundrums that are inexplicable in terms of (12,13, 14]

conventional sub-critical geophysics.

* References: [1] Crampin (1994); [2] Crampin and Peacock (2008); [3] Crampin and Gao Y (2013); [4] Angerer et al. (2002); [5] Crampin et al.
(2003); [6] Crampin et al. (1999); [7] Crampin et al. (2004b); [8] Crampin et al. (2008); [9] Paper 1; [10] Crampin and Gao Y (2012); [11] Liu S et al.

(2014); [12] Crampin et al. (2013); [14] this paper.

fracturing at fracture-criticality. Each example cannot be easily ex-
plained by conventional sub-critical geophysics. There are no
known exceptions where the properties of New Geophysics listed
in Table S1 are denied. The importance of this is that critical-sys-
tems impose a range of fundamentally-new properties on con-
ventional sub-critical geophysics, as listed in Table S1, that satisfy
the criteria for New Geophysics.

Many or most of the properties of New Geophysics in Table S1 are
self supporting. If New Geophysics holds, then, for example, P7
Universality suggests that New Geophysics is true in all possible
regimes where suitable conditions are present. It seems that SWS
in the upper mantle is possibly due to intergranular films of hy-
drated melt rather than oriented crystals. Similarly P8 Sensitivity
provides confidence that changes in SWS in Iceland are monitor-
ing changes caused by stress-accumulation before the 2004, M
9.2, Sumatra earthquake in Indonesia at a distance of 10,500 km in
Indonesia.

When the ideas underlying New Geophysics were being initially
developed/discovered, one of the most astonishing features was
that the range of shear-wave velocity anisotropy was the same
everywhere: ~1.5% to ~4.5% in all rocks, from 20% porosity sand-
stones to 2% porosity metamorphic rocks (Crampin, 1994). This is
a feature of Property P3 Uniformity, where similar behaviour is al-
most universally present. Overall, New Geophysics provides a uni-
fying concept that allows much, otherwise conflicting, seismolo-
gical behaviour to be united under one all-embracing concept.
Many seismological conundrums are resolved properly.

A final comment: It is difficult to recognize when rock is in the crit-
ical or the conventional sub-critical state. However, earthquakes
provide opportunities to study and compare the New Geophysics
critical system and the conventional sub-critical system. To reach

a new understanding, more samples and integration from obser-
vations are necessary. The authors urge greater attention to New
Geophysics on the part of the world’s seismologists.
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Supplementary Material

Brief Summary of New Geophysics

Analysis of worldwide observations of stress-aligned SWS
throughout the Earth’s crust and upper mantle show that distribu-
tions of fluid-saturated stress-aligned vertical microcracks are so
closely spaced that they verge on fracture-criticality and fractur-
ing if there is any disturbance (Crampin, 1994; Crampin and Pea-
cock, 2005, 2008). In the uppermost ~400 km of the mantle the
‘microcracks’ are arguably intergranular films of hydrated melt
(Crampin, 2003). Phenomena verging on failure in this way are
critical-systems which are part of a New Physics (Davies, 1989b),
hence the proposed New Geophysics reviewed by Crampin and
Gao Y (2013). Critical-systems occur in all complex heterogeneous
interactive phenomena as they approach singularities (in the case
of the Earth, the singularity is at fracture-criticality), where below
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criticality the behaviour can be calculated/modelled by standard
conventional sub—critical physics (or geophysics). However, at sin-
gularities there is deterministic chaos, where the behaviour can
still be calculated, but the results may show orders of magnitude
differences for minuscule differences in the initial conditions
(Lorenz, 1972). Such critical-systems of complex heterogeneous
interactive phenomena are very common: the weather; climate
change; the life cycle of fruit flies; stellar radiation; the New York
stock exchange; etc. (Crampin et al., 2003). Hence, it must be ex-
pected that the Earth, an archetypal complex heterogeneous in-
teractive phenomenon, must also be a critical-system with

Lorenz-type sensitivity to initial conditions. The criticality of New
Geophysics imposes a range of fundamentally-new properties on
conventional sub-critical geophysics, some of which are listed in
Table S1 (Crampin and Gao Y, 2013). All properties in Table S1
have been observed (with one exception), many times. The excep-
tion, P6 Controllability, has not yet been tested. These properties
cannot be understood by geoscientists restricted to experience in
conventional sub-critical geophysics. A paradigm shift in under-
standing is required. It is hoped that the potential stress-forecasts
plotted in Figures 1 and 2, Paper 1, and the evidence in this paper
will promote paradigm shifts in understanding.

Table S1. Properties of the New Geophysics of a compliant critically-microcracked Earth (Crampin and Gao Y, 2013)

Property Description Ref!
P1) Self-similarity Logarithmic plots of many properties are linear, e.g. Gutenberg-Richter relationship. [1, 2]
P2) Monitorability Behaviour can be monitored with SWS. [3,4,5]
P3) Uniformity St.a'.clstlcal beha\{lour is more like other critical systems than it is to the underlying sub- 4, 5]
critical geophysics.
- Behaviour is more uniform (universal) than sub-critical behaviour and can be modelled or
P4) Calculability calculated with the equations of Anisotropic Poro-Elasticity (APE). 56,71
P5) Predictability If impending changes can be quantified, behaviour can be predicted by APE. [5,6,7]
If conditions can be monitored (P2), calculated (P4) and modified by injection pressures
P6) Controllability (P5), in principle behaviour of in situ rock can be controlled by feedback (optimising flow-
directions by fluid-injection, say, in hydrocarbon production).
P7) Universality Effects pervade all available space. [8, 9]
Sensitive to small earthquakes. Sensitive enlargement of little disturbances conforming to
P8) Sensitivity tectonics and geophysical conditions, called also “Butterfly-effect” sensitivity to minuscule [8,9,10]

differences in initial conditions.

* References: [1] Gutenberg and Richter (1956); [2] Gao Y and Crampin (2004); [3] Crampin (1999); [4] Crampin and Peacock (2005); [5] Crampin
and Peacock (2008); [6] Angerer et al. (2002); [7] Crampin and Zatsepin (1997); [8] Volti and Crampin (2003); [9] Crampin and Gao Y (2012); [10]

Lorenz (1972).
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