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ABSTRACT

Here, we report a previously unrecognized impactite from the
Steen River impact structure in Alberta, Canada, which was inter-
sected by continuous diamond drill core into the allochthonous proxi-
mal deposits of this buried 25-km-diameter complex crater. A suite
of high-temperature minerals defines the matrix, formed by grain
growth in a solid state by static recrystallization of an originally clas-
tic matrix, deposited at temperatures 2800 °C. This rock type is pre-
dominantly a result of the recrystallization of target material driven
by the acceleration of hot gasses from volatilized sedimentary cover
mixed with variably shocked crystalline basement. Approximately
one-third of terrestrial impact structures occur in mixed target rocks;
therefore, this type of impactite may be more common than previously
realized. Contact metamorphism between entrained sedimentary
target rocks and the juxtaposed hot matrix resulted in carbonate
decomposition to form a rare spinel-group mineral, magnesioferrite.
In crater environments, magnesioferrite has been found in the distal
Chicxulub (Mexico) ejecta and may prove a novel indicator mineral
for impact into carbonate-bearing target rocks.

INTRODUCTION

Hypervelocity impact events occur when two planetary bodies col-
lide to produce a propagating shock wave. These virtually instantaneous
geological events have shaped solid surfaces within our solar system
(e.g., French, 1968). Formation of the resultant impact structure involves
extreme temperatures and pressures and high strain rates, generating new
rock types called impactites (Stoffler and Grieve, 2007). Impactites serve
as a fingerprint of the collision event, and the study of their texture, compo-
sition, and isotope geochemistry yields insight into the processes respon-
sible for their generation. Due to the preponderance of sedimentary rocks
at Earth’s surface, carbonates, siliciclastics, and/or evaporites are present
in 70% of terrestrial impact structures (Osinski et al., 2008). When exca-
vation depth penetrates the sedimentary cover, encompassing underlying
crystalline basement, the target rocks are said to be “mixed”. Approxi-
mately 32% of terrestrial impact structures occur in mixed targets (Osinski
et al., 2008). Compared to igneous and metamorphic rocks, the response
of sedimentary rocks to hypervelocity impact may be drastically differ-
ent due to the effects of porosity, grain size, and the presence of volatiles.

The Steen River impact structure (SRIS) (Alberta, Canada) is a 25-km-
diameter complex crater of the central uplift type, formed in mixed target
rocks of the oil and gas—producing Western Canada Sedimentary Basin.
Published information on the impact structure is limited to a few papers
focusing on evidence for an impact origin (Carrigy and Short, 1968;
Winzer, 1972; Walton et al., 2016) and several government and industry
reports (Molak et al., 2001, and references therein). Here, we demonstrate
that an ~128-m-thick unit of melt-bearing, clast-rich impactite from the
SRIS shows evidence for carbonate decomposition and the presence of

*E-mail: waltone5 @ macewan.ca
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a novel indicator mineral, and represents a previously unrecognized type
of impact breccia.

STEEN RIVER IMPACT STRUCTURE

The SRIS is a complex crater centered at 59°31°N, 113°39'W (Fig. 1).
Fractured basement has been raised 800—1000 m above the regional level
(Winzer, 1972). This central uplift is surrounded by a rim syncline, which
locally downthrows the basement by ~180 m in the southeast but >500
m in the northwest. Further from the center, a raised rim forms a positive
20-50 m feature. Post-formation, the crater was emergent and eroded, with
the uppermost units truncated by a regional unconformity. Deposition of
Lower Cretaceous marine shale and sandstone, now ~200 m thick, pre-
served the crater fill deposits (Molak et al., 2001). Target rocks at the time
of impact consist of predominantly Devonian carbonates, evaporites, and
shales (Carrigy and Short, 1968). This ~1.6-km-thick succession of flat-
lying sedimentary rocks overlies lower Proterozoic basement comprising
granite, gneiss, and granodiorite (Fig. 1). The age of the crater is widely
cited as 91 =7 Ma (Carrigy and Short, 1968) but may be significantly older.

SAMPLES AND METHODS

Data from the STO03 continuous diamond drill core located ~4 km from
the crater center are presented. The lowermost |1 m intersected plagioclase-
orthoclase-quartz-ferropargasite-annite gneiss with minor titanite and zir-
con (Walton et al., 2016). Core ST003, described by Molak et al. (2001),

Drill depth,

meters (feet) STOO3 Post-impact sediments
0_

1
| Clastic-matrix
50 J{ | melt-bearing breccia
100 Recrystallized breccia
(328) | 1-2 m clastic matrix
Shock-veined gneiss
150
(492) Post-impact
sediments
200
(656) 4
Crater fill
250 impactites
(5.120)_I Hottah
[0] Accreted
300 Terrane
i Ksituar
(984) Cmg samr_)led but . Mcllgm:m'c Are
350 notinvestigated as
= partof thisstudy | [[] GreatBear
(1148) Magmatic Arc
@ Samples referred to
in the text m‘.
400 381m

Figure 1. Simplified core ST003 log and geologic map showing sam-
pling location, Steen River impact structure (SRIS; Alberta, Canada)
(modified from Molak et al., 2001). Details on post-impact sedimentary
strata can be found in Data Repository (see footnote 1). Inner circle
approximates ~9 km wide base of central uplift. Outermost solid circle
delineates the structural rim of the crater.
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has been revisited, logged, and sampled. Sample numbers in the text refer to
depth in meters (e.g., sample $370 = core STO03 sampled at 370 m depth).

Here we present a detailed petrographic characterization of the dis-
tinctly green-colored impactite matrix between 242 m and 370 m depth
(Fig. 2A). The “matrix™ is defined as those particles <0.5—1 mm size.
Back-scattered electron (BSE) images and major and minor elemental
abundances were obtained using electron microscopy at the University
of Alberta. Canada. Trace element geochemical analysis of spinels was
carried out on a New Wave 213 nm laser ablation-inductively coupled
plasma—-mass spectrometer (LA-ICP-MS: at University of Alberta) using
a 40 um spot size, analyzed with standards NIST612 and the North Chile
iron meteorite. Raman spectra were collected at MacEwan University
(Alberta, Canada). Details of the analytical methods and conditions, com-
piled geochemical data, Raman spectra, modal abundances, and optical
and BSE images are provided in the GSA Data Repository'.

RESULTS

The matrix consists of angular shocked mineral xenocrysts (average
22 vol%; 9-39 vol%). impact melt particles (average 24 vol%; 21-28
vol%), secondary alteration products or void space (average 33 vol%:;

Figure 2. Samples from core ST003, Steen River impact structure
(Alberta, Canada). A: Cut core slab of breccia (sample $251.5 [sampled
at a downhole depth of 251.5 m]). Centimeter-size clasts of impact melt
themselves contain clasts of quartz and feldspar. B-F: Backscattered
electron images of core ST003 matrix texture, which is the subject of
this study. B: Recrystallized breccia (sample $S290). C: Poikilitic textures
of recrystallized matrix (sample S284). D: Pyroxene coronae surround-
ing decomposed clasts. E: Felty texture of impact melt (sample S365).
F: Clastic matrix breccia (sample S370). Ttn—titanite, Cpx—clinopy-
roxene, Ab—albite, Ti-mag—titanomagnetite, Fld—feldspar.

'GSA Data Repository item 2017086, details on geologic setting, Figures DR 1—
DR 10, Tables DR1-DR4, and simplified ST003 core log, is available online at http:/
www.geosociety.org/datarepository/2017/ or on request from editing @ geosociety.org.
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2841 vol%), and unshocked minerals (average 21 vol%; 19-23 vol%)
(Fig. 2B). The matrix mineralogy (excluding xenocrysts) is dominated by
widely disseminated, unshocked euhedral to subhedral poikilitic crystals
(3-60 pm size) of pyroxene > sanidine > plagioclase > titanite. Pyroxene
is calcic (En,  Fs, . Wo,, . enstatite-ferrosilite-wollastonite ) irregu-
larly zoned. and Al rich (>0.1 cations per formula unit) (Fig. 2C). Pla-
gioclase (An,_,Ab,, ,,Or, . anorthite-albite- orthoclase) and sanidine
(An,_,Ab, ,,Or. ) occur as single crystals, as crystals enclosing or
enclosed by clinopyroxene and titanomagnetite, and as continuous rims
on shocked mineral fragments. Lath-shaped titanomagnetite (12—45 um)
and euhedral titanite (4-50 um) form a volumetrically minor but ubig-
uitous matrix component. Interstitial fine-grained secondary alteration
products comprise clay minerals, yielding elemental spectra consistent
with montmorillonite-nontronite.

In addition to these poikilitic crystals, heterogeneously distributed crystal
clusters form coronae surrounding completely dissociated clasts typically
filled by clay minerals (Fig. 2D). Some former clasts have reacted with
the matrix to form granular assemblages of spinels, calcite, quartz, gar-
net, clinopyroxene, sanidine, plagioclase, and titanomagnetite. Garnets are
grossular or andradite, poikilitically enclosing micrometer-size anhydrite,
clinopyroxene, and/or albite. Spinel-group minerals fall within the magnetite
(Fe*Fe* 0, )-magnesioferrite (MgFe*,0,) series, forming cuhedral, skel-
etal, or anhedral rounded, micrometer-size crystals associated with calcite,
diopside, andradite, and quartz. Most grains are nearly pure end-member
magnesioferrite, with 0.95 atoms Mg per formula unit. Spinel crystals
poikilitically enclose anhydrite. Laser ablation results show that the con-
centrations of highly siderophile elements are below the limits of detection
(~0.2 ppm). Analyzed grains contain Ni (82432 ppm) and Cr (198-14,800
ppm). A millimeter-size clast of granoblastic calcite, rimmed by orange-
brown clay minerals and clinopyroxene, was noted in sample S284.

Clasts inherited from target rocks, which form a matrix component,
include quartz, feldspars, zircon, and titanite. These are distinguished
based on their coarser grain size ((.5—1 mm), grain shape (angular), com-
position, and the presence of vesicles, cracks, fractures, and/or diagnostic
shock effects. Broadened peaks in the Raman spectrum were also used
to identify inherited grains, attributed to shock deformation. Intact clasts
of sedimentary target rocks are rarely observed within this portion of the
core, though they appear in the upper units (<242 m).

The matrix contains small (<] mm), contorted masses of flow-textured
impact-melted material which have largely quenched to glass (now altered)
and themselves contain clasts (Fig. 2A). Pseudomorphs after zircon occur
within quenched impact melt. in contrast to the finely comminuted zir-
con grains found within the xenolithic matrix. Larger (>1 mm) pods of
agglomerated impact melt (sample S360.5) are characterized by a felty
texture (Fig. 2E). Clasts within impact melt are thermally altered with
rounded margins: ballen quartz is restricted to this interval. A gradational
contact is observed between the lower melt-rich unit and ~1-2 m of melt-
bearing breccia that retains a clastic-textured matrix (samples S369 and
§370), comprising grains of angular, 4-390-um-size (average 61 pm, n =
250) quartz, feldspar, titanite, zircon, epidote, apatite, ferropargasite, and
annite (Fig. 2F). In sample S369, annite and ferropargasite are in various
states of thermal decomposition, observed as small needles of pyroxene,
feldspar, and oxide commonly with good topotactic relationships with the
original amphibole or mica. The “true breccia” (i.e., clastic matrix) is in
direct contact with the basement rocks of the central uplift.

9-29

DISCUSSION

The Matrix of Melt-Bearing Impactites at the Steen River Impact
Structure

We propose that the microporphyritic texture that defines the matrix of
the ~128-m-thick melt-bearing impactite formed by grain growth in the
solid state by static recrystallization from an initially clastic matrix. The

www.gsapubs.org | Volume 45 | Number 4 | GEOLOGY



poikilitic texture of unshocked clinopyroxene, feldspar, titanomagnetite,
and titanite widely disseminated throughout the matrix suggests growth
under conditions favorable for high nucleation density. These growth con-
ditions are distinctly different from those of the felty texture of the impact
melt (Fig. 2E), which attests to rapid cooling from a superheated melt and
low nucleation densities (Lofgren, 1974). The green matrix color is attrib-
uted to clinopyroxene and garnet. Green impactites were intersected by two
additional drill cores (ST001 and ST002; Molak et al., 2001), suggesting
that the ~128-m-thick deposit extends laterally for ~14 km, forming a
volumetrically significant component of the crater fill deposits at the SRIS.

Several lines of evidence preclude the formation of matrix minerals by
direct crystallization from a melt. Here, we note that the impact breccia
between 242 and 370 m contains clasts of quenched and flow-textured
impact melt. If the matrix minerals had formed by direct crystallization
of melt, this would constitute an impact melt rock containing clasts of
cogenetic impact melt. Such rocks have not been reported; in a clast-
rich impact melt rock, the “clasts” comprise entrained lithic and mineral
fragments from target rocks displaying variable degrees of shock meta-
morphism (Stoffler and Grieve, 2007). Mineral clasts within impact melt
exhibit rounded margins attributed to thermal corrosion or resorption. The
large glassy pods at the SRIS (Fig. 2A) are indeed impact-melted material
containing rounded clasts of quartz and feldspar. Within the recrystallized
impact breccia, the contact between impact melt and matrix is irregular
with small voids, as expected for the incorporation of impact melt as
clasts into, and recrystallization of, a clastic matrix.

Matrix Protolith

The lowermost unit of melt-bearing breccia (samples S369 and S370)
retains a truly clastic texture and is interpreted to represent an unmeta-
morphosed equivalent of the recrystallized breccia, providing clues to its
granulometry and protolith. The core at this depth consists of distinctly
fine-grained (average 61 um) hydrous ferromagnesian silicates such as
annite, ferropargasite, and epidote, not observed in the recrystallized brec-
cia. In sample S369, annite and pargasite are in various stages of thermal
decomposition to form feldspar + pyroxene + oxides. These same mineral
assemblages in the upper, more thermally affected portion of the core
formed in response to high temperatures but slower cooling, producing a
distinct poikilitic texture. The fine grain size of the clastic matrix would
promote reactivity and recrystallization. The ubiquity of titanite, zircon,
epidote, apatite, annite, and ferropargasite is consistent with crystalline
rocks as the main matrix protolith.

The coronae surrounding completely digested clasts may have formed
by reaction of quartz with the matrix. Pyroxene-dominated reaction coro-
nae have been documented mantling relict quartz xenocrysts in impact
melt rocks from the Chicxulub (Mexico; Kring and Boynton, 1992),
Manicouagan (Québec, Canada; Simonds et al., 1978), and Mistastin
(Newfoundland and Labrador, Canada; Taylor and Dence, 1969) impact
structures, among others. Such reactions could account for the low modal
abundance of free quartz (~10 vol%).

The Fate of Clasts from the Sedimentary Target

The impactites in the upper portion of core ST003 (206—242 m) contain
centimeter-scale lithic fragments of limestone and shale with recognizable
primary sedimentary structures. Downhole, the abundance of clasts from
the sedimentary target decreases with a concomitant increase in crystalline
granitic lithologies. Below 242 m, obvious clasts from sedimentary litholo-
gies are effectively absent. Notably, crystal clusters of magnesioferrite and
andradite, well-known low-pressure, high-temperature minerals formed at
the contact zone between carbonates and shallow intrusions (e.g., Pascal
et al,, 2011), are heterogeneously distributed throughout the matrix. We
therefore interpret these assemblages as relicts of small clasts from the
sedimentary cover entrained within the breccia and subsequently decom-
posed in response to high post-shock temperature. The single example
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of granoblastic calcite rimmed by clay minerals and pyroxene may rep-
resent back-reaction of a partially decomposed limestone clast (Agrinier
et al., 2001). Decomposition (e.g., CaCO, — CaO + CO,) was dominant
within this portion of the core, with subsequent reactions, CaO + 2MgO
+28i0, + Fe,0, — CaMg$i,0, + MgFe,O,, accounting for the formation
of magnesioferrite and pyroxene.

Within the context of the amounts of impact-released CO,, our mech-
anism of devolatilization differs from the traditional view of instanta-
neous release by vaporization (O’Keefe and Ahrens, 1989). Evidence of
degassing and dissociation of sedimentary clasts in response to elevated
post-shock temperature, such as that reported here for the SRIS, has
been documented from only a handful of other impact craters: Ries (Ger-
many; (Baranyi, 1980), Chicxulub (Deutsch and Langenhorst, 2007),
Manicouagan (Spray, 2006), and West Clearwater Lake (Québec, Canada;
Rosa, 2004). These examples of contact metamorphism formed in craters
where masses of pre-impact carbonates are in contact with larger bodies
of impact melt rock, which is a different situation than reported for the
SRIS. The post-shock phenomenon of carbonate decomposition may
substantially increase the overall total mass of impact-released gases
such as CO,, albeit over longer time scales.

Constraints on Formation Temperature

The textures reported here result from turbulent flow involving the
mixing of clasts of target lithologies that were shocked to various degrees
ranging from completely molten to shock deformed. The less strongly
shocked clasts exhibit diagnostic shock effects such as planar features but
were colder and did not serve as nucleation sites within the matrix (they
lack coronae). The more strongly shocked clasts with elevated post-shock
temperatures were assimilated, forming reaction coronas or undergoing
complete decomposition to form CaO, in the case of carbonates, followed
by grain growth. The impact melt clasts record the highest temperature
within the recrystallized breccia, as evidenced by decomposed zircon
grains which are only found in the clasts of impact melt, indicating local
temperatures >1690 °C (Kaiser et al., 2008). Unloading from shock pres-
sures 260 GPa (temperature, T >1550 °C) is used for the lower melting
limit of the crystalline basement based on shock-recovery experiments
(Stoffler and Grieve, 2007). Once the shock wave attenuated below 60 GPa,
the crystalline target rocks, upon arrival of the rarefaction (release) wave,
would have been close to, but below, post-shock temperatures required
for melting. It is this pulverized material from below the shock-melted
crystalline target rocks, with additional hot gases from the highly shocked
overlying sedimentary target rocks, that was deposited to form the matrix
of the recrystallized impactites.

The temperature of deposition may be estimated from the thermal
decomposition products of natural rocks and minerals (pargasite, 2900 °C;
Sajeev et al., 2009) and results of static high-temperature experiments (bio-
tite, 2700 °C; Wones and Eugster, 1965). A more quantitative constraint on
temperature may be obtained by assessing the equilibria among oxide and
silicate minerals using the QUILF model (Andersen et al., 1993), under the
assumption that the activities of titanite and SiO, are unity (based on the
presence of these phases in the assemblage). Oxygen fugacity was fixed at
2 log units above the quartz-fayalite-magnetite buffer based on the presence
of Fe**-bearing magnesioferrite. These thermal models give temperatures
in the range 639-824 °C, with an average T = 796 °C. The presence of
high residual temperatures is supported by the phase diagram for CaCO,
(Ivanov and Deutsch, 2002), showing decomposition at <0.003 GPa and
>923 °C. Compared to the temperature at which target materials would
melt, decompose, or recrystallize, the secondary alteration products would
form at a much lower temperature (<300 °C; Kirsimée and Osinski, 2013).

A Previously Unrecognized Impactite

All of the impactites at the SRIS have previously been classified as
“suevite”, a melt-bearing breccia described from other small- to medium-size
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craters and those formed in mixed target rocks (e.g., Ries; Stoffler and
Grieve, 2007). Several characteristics set melt-bearing breccias at the SRIS
apart from suevite—namely, a matrix texture that is completely dominated
by thermal effects. This impactite is regarded as an unrecognized variety
of recrystallized impact breccia, which results from the mixed nature of
target materials, formed by the acceleration of gasses from volatilized sedi-
mentary cover mixing with variably shocked material from the crystalline
basement. The added thermal energy involved in the process would lead to
slower cooling and recrystallization (“sintering”) of the matrix. Approxi-
mately 32% of terrestrial impact structures occur in mixed target rocks
(Osinski et al., 2008); recrystallized breccias should therefore be more
common than previously realized but may have been overlooked in those
craters whose original decades-old description relied upon observations
using standard optical microscopes. Revisiting understudied craters using
high-resolution imaging techniques may hold new clues to the formation
and emplacement of crater deposits.

A New Occurrence of Magnesioferrite, MgFe,O,

A rare spinel mineral, magnesioferrite, has been documented in the
recrystallized impact breccias of the SRIS. Textural relations indicate that
the magnesioferrite occurs in equilibrium with clinopyroxene, calcite, and
quartz. The formation of these assemblages could be due to reactions involv-
ing precursor phases such as anhydritic carbonates, dolostones, and shales,
which occur in target materials and as xenoliths in the upper, less thermally
affected portions of the core. Magnesioferrite at the impact structure pos-
sesses characteristics such as grain size, shape, and composition akin to
those that define the K-Pg boundary layer within the Pacific Basin (Kyte
and Bostwick, 1995) and occur as a small component of the boundary clay
in Spain (Bohor et al., 1986) and Italy (Smit and Kyte, 1984). The discovery
of magnesioferrite at the SRIS provides context lacking in the Chicxulub
distal ejecta, suggesting that vaporized sedimentary rocks were an important
component of the impact-generated vapor cloud from which the MgFe,O,
grains condensed. Thus, magnesioferrite may serve as a novel indicator
mineral for impact into carbonate-bearing target rocks at other craters.
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ABSTRACT

Understanding the spatial structure of fossil localities is critical for interpreting Earth
system processes based on their geographic distribution. Coordinates of marine and terres-
trial sites in the conterminous United States for 17 time bins were analyzed using point pat-
tern statistics. Lacunarity analysis shows that the spatial distributions of sites are fractal for
almost every studied interval, indicating that clumping of localities occurs at multiple scales.
Random hierarchical multiplicative processes provide a theoretical null model for the distri-
bution of collecting sites, consistent with their occurrence being a complex product of numer-
ous biological, geological, and anthropogenic processes acting at many spatial and temporal
scales. Mechanistic models for the formation, preservation, and exposure of fossil localities
and other geologic entities can be tested using point pattern and related spatial statistics.

INTRODUCTION

Due to their importance in forming the frame-
work for the interpretation of Earth system his-
tory, numerous attempts have been made to quan-
tify and model temporal pattemns of fossil and
sedimentary deposit occurrence (Sadler, 2004;
Peters, 2006; Smith and McGowan, 2011; Kemp,
2012; Miall, 2015; Holland, 2016). Many of these
studies indicate that much of the stratigraphic
record is self-similar (fractal) in time (Bailey and
Smith, 2005; Schlager, 2010; Kemp, 2012).

Less attention has been paid to the spatial
patterns of fossil sites (Peters, 2006; Peters and
Heim, 2010), although the spatial location of
a fossil collection is as critical a datum as its
age for paleoclimatology and paleogeography
and for interpreting macroecological and bio-
geographic aspects of evolutionary change in
the fossil record (Alroy, 1999; Barnosky et al.,
2011; Marcot, 2014). Most analyses of their
distribution have focused on the relationships
between the distribution of fossil localities and
biodiversity estimates, at either biogeographic
or regional scales (Dunhill et al., 2013; Vilhena
and Smith, 2013; Foote, 2014). There is also
related interest, going back at least to Raup
(1972), of the impact of sampling bias on pat-
terns of spatial distribution (Kiessling, 2005).
Despite the growing conceptual understanding
of the controls over fossil preservation (Noto,
2010; Block et al., 2016), there are currently
no spatially explicit models for the formation
and preservation of fossil localities, although
steps have been taken in this direction (Kemp,
2012; Miall, 2015; Block et al., 2016; Holland,
2016). There are also no statistical models for
the distribution of localities that can be used for
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data-model comparisons to test the validity of
any emerging mechanistic models.

Here I use lacunarity, a spatial point pat-
tern analysis (SPPA) method, to character-
ize the spatial distribution of fossil localities.
SPPA methods have become a standard tool
for ecologists to describe the distributions of
organisms and to either derive or test hypothe-
ses on underlying mechanisms controlling these
patterns (Veldzquez et al., 2016). For example,
the observed patterns can be compared with the
predictions of various stochastic (null) mod-
els, to determine whether the distribution of
points differs from random expectation. Here
I use lacunarity analysis to compare observed

spatial distributions of localities with two sto-
chastic models: complete spatial randomness, in
which the fossil sites are located randomly and
independently following a Poisson process, at
a single scale within the mapped area (Young
and Young, 1998; Veldzquez et al., 2016), and
a hierarchical (multifractal) model where the
distribution is produced by the interaction of
multiple processes acting randomly at differ-
ent spatial scales (Plotnick and Sepkoski, 2001;
Cheng, 2014).

METHODS

Latitudes and longitudes in degrees of fossil
collections of all taxa from the conterminous
United States in 17 chronostratigraphic bins were
downloaded from the Paleobiology Database
(https://paleodb.org; Table 1) and were parsed
into terrestrial or marine depositional environ-
ments (Fig. DR1 in the GSA Data Repository').
Restricting the material to this region assured
that the mapped area was contiguous and well

IGSA Data Repository item 2017087, materials
and methods, additional results, Figures DR-DR4,
and Table DRI, is available online at http://www
.geosociety.org/datarepository/2017/ or on request
from editing @geosociety.org.

TABLE 1. NUMBER OF 0.1° GRID CELLS, NUMBER OF SITES, AND PRODUCT-MOMENT
CORRELATIONS BETWEEN LOG,,~DISTANCE AND LOG,,~LACUNARITY FOR SELECTED TIME BINS

Marine Terrestrial
Time bin Numberof  Number Number of  Number
grid cells of logio-distance, grid cells of togio-distence,
(0.1° square) sites logto-acunaity | (0,1° square) sites togiO-tacunasity
Cambrian 90582 414 -1.000 '
Ordovician 111792 1633 -0.999
Siturian 99188 418 -1.000
Devonian 103930 1513 -0.988 103930 82 -0.999
Mississippian 82980 1308 -0.997 82980 44 -0.999
Pennsylvanian 73346 1531 -0.996 90246 189 -0.993
Permian 74994 2270 -0.997 31977 222 -0.999
Triassic 62928 514 -1.000 48262 400 -1.000
Jurassic 53830 449 -0.999 653890 319 -1.000
Lower Cretaceous 117936 41 -0.999 87507 276 -0.999
Upper Cretaceous 109710 2032 -1.000 108808 1069 -0.996
Paleocene 92191 462 -0.999 86526 566 -0.997
Eocene 119240 967 -0.998 119240 787 -0.996
Oligocene 92494 336 -0.998 92494 181 -0.995
Miocene 126112 587 -0.999 126112 483 -0.997
Pliocene 86457 300 -1.000 88407 146 -0.999
Pleistocene 132480 395 -0.999 134504 887 —0.988

Note: Each site is a longitude-latitude pair of collections downloaded from the Palsobiology Database

(https://paleobiodb.org/). All rvalues have p < 0.0001.

© 2017 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY license.
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sampled (Kiessling. 2005). Collections with
duplicate coordinates were culled to remove the
effect of multiple collections at the same coor-
dinates, which might represent multiple strati-
graphic units at the same location or an artifact
of data entry within the Paleobiology Database
(Peters and Heim, 2010). The remaining coordi-
nates were then mapped on 0.1° resolution grids
encompassing the longitude and latitude range
of points. The resulting maps have an average
of 94,000 grid cells with a mean of 684 cells
occupied by at least one collection (Table 1).
The mapped grids of the localities were ana-
lyzed using lacunarity analysis (Plotnick et al.,
1996). Lacunarity (A) measures the amount of
clustering in a pattern exhaustively resampled
within square boxes of linear size /, with higher
values of A indicating larger gaps among the
points. Different spatial patterns of clusters and
gaps at multiple scales of [ are represented by
plots of log A versus log /. The horizontal posi-
tion of the curve is determined by the overall
density of points; denser patterns have lower
A values. The shape of the curve is determined
by the patterns of distribution of the points at
multiple scales (Fig. 1). Complete spatial ran-
domness produces a concave curve. whereas

T T
© Mississippian (r = - 0.997)
X Upper Cretaceous (r = -1.000
+ Miocene (r = -0.999)
A UK Random

log lacunarity

<] Missl;issippian (r= -0.999)

X Upper Cretaceous (r = -0.996
+ Miocene (r = -0.997)

4 Miocene Random

N
T

log lacunarity
T

Terrestrial

0 1 1 -
0.0 0.5 1.0 15 2,0
log box size (0.1°)

Figure 1. Lacunarity curves of locality dis-
tribution for representative time periods. A:
Marine. B: Terrestrial. Values are connected in
case-wise order. The correlation coefficients
from a linear regression for each curve are
given. All curves are nearly straight, con-
sistent with a random fractal distribution of
localities. Also shown are representative lacu-
narity curves for randomized patterns over
the same spatial extent and the same number
of points as the marine Upper Cretaceous
and the terrestrial Miocene data. The hollow
curves are characteristic of random patterns
made of independent points (complete spatial
randomness). Remaining curves are in Fig-
ures DR1 and DR2 (see footnote 1).

206

fractal and multifractal (self-similar) patterns
produce a straight line with a negative slope
(Plotnick et al., 1993; Cheng, 1997; Lennon et
al., 2015). Lacunarity analyses of 50 random-
ized distribution of sites were determined for
the marine Upper Cretaceous and the terrestrial
Miocene. The majority of the analyses were con-
ducted using PASSaGE v. 2.0 (Rosenberg and
Anderson, 2011; cross-checks were done with
software [ wrote). Further details of the methods
are in the Data Repository.

RESULTS

Log-log plots of lacunarity against distance
plot exactly or nearly along straight lines, as
indicated by linear regressions (Table 1) for all
of the time intervals and for both marine and
terrestrial localities (representative plots are in
Fig. I; the complete set is in Figs. DR2 and
DR3 in the Data Repository). This is consistent
with self-similar patterns of spatial distribution
(Plotnick et al., 1993, 1996); that is, the distri-
bution of the points forms random clumps at
multiple scales (clumps of clumps of clumps).
Randomized distributions of the same number
of points (Fig. 1) produce hollow curves with
little variation among them and well separated
from the data curves. Complete spatial random-
ness can be rejected; this result is supported by
separate analyses using other SPPA methods, in
particular Ripley’s L(d) second-order statistics
(see the Data Repository).

It is remarkable that results did not differ
between terrestrial and marine localities, despite
their markedly different probabilities of preser-
vation (Heim and Peters, 2011; Holland, 2016).
The signal also appears to be robust against
variation in the temporal durations of the bins
and the number of localities in each. The low-
est correlations and greatest deviations from
strict linearity are for the marine Devonian and
the terrestrial Pleistocene; the former probably
represents the dense recording of sites from the
Devonian of New York, whereas the latter may
result from similar compact clustering of glacial
margin localities.

DISCUSSION

The presence or absence of a fossil collection
at a given locality is dependent on the intersec-
tion of a variety of generally independent phe-
nomena acting at multiple spatial and temporal
scales. These hierarchical controls include the
formation of sedimentary basins, the presence of
sufficient accommodation space and the proper
environment for fossil formation in those basins
(Holland, 2016), tectonic and erosional pro-
cesses controlling the survival and exposure of
the deposits (Peters and Heim, 2010), a range
of taphonomic variables (Noto, 2010; Block et
al., 2016), and human factors such as the pres-
ence of roadcuts or quarries (Dunhill, 2011;
Dunbhill et al., 2013). Each of these controls can

be represented as a form of spatially dependent
probability distribution of fossil formation and
preservation. For a locality to exist, all of the
probabilities acting in that region must be high.

A simple numerical model for this is based
on the multiplicative hierarchical (multifractal)
process (Figs. 2A-2C) (Plotnick and Sepkoski,
2001: Cheng, 2014). A map grid is divided into
four equal areas, each of which is randomly
assigned a Gaussian probability of fossil for-
mation. This is the control acting at the largest
spatial scale. Each of these map areas is again
divided into four subareas (total of 16), each
of which is in turn assigned a random prob-
ability, representing a control acting at the next
finer scale. This process is now repeated to the
desired finest level of resolution. The probabili-
ties from each scale are now multiplied together
to produce the log-normal total probability of
preservation at a site, which will have a multi-
fractal spatial distribution. If we assume that
there is a minimum level of probability that will
produce a recorded fossil collection, the result
is a random fractal point pattern. The lacunarity
plots for this model are virtually the same as for
the empirical data (Fig. 2D). This random model
might thus provide an appropriate theoretical
model for the distribution of fossil localities
(Holland, 2016),

The hierarchical and possibly fractal distri-
bution of habitats and organisms has long been
recognized in ecology (Williamson and Lawton,
1991). Many of the constraints on habitat occur-
rence, such as the presence of different soil types
related to underlying lithology, are under the
same types of controls as the occurrence of fos-
sil collections. These original fractal patterns of
organism distribution might be preserved in the
rock record. Similarly, the road network in the
United States is fractal (Kalapala et al.. 2006);
work in progress suggests that proximity to
roads is a key factor in locality distribution. The
location of roads is also at least partly controlled
by the underlying geology. There thus may be a
form of common cause (Peters and Heim, 2011)
for ecological, geological, and anthropogenic
spatial patterns.

CONCLUSIONS

The location of a collecting site, whether
modern or fossil, is the fundamental unit of data
for many ecological, macroecological, and evo-
lutionary studies (Beck et al., 2012) and provides
the geometric support (Tipper, 2016) for almost
all other spatially explicit types of data. The
geographic ranges and area of both living and
fossil organisms are abstractions based directly
on observed occurrences (Gaston, 2003) and/or
predicted from environmental controls on their
distribution (Myers et al., 2015). These ranges,
in turn, are key components of many analyses of
evolutionary and extinction dynamics (Barnosky
et al.,, 2011; Foote, 2014; Marcot, 2014). This
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study shows that for fossil organisms, these sites
are clumped at all scales or, alternatively, there
are gaps of all scales among the sites. In terms of
geographic ranges, these results suggest that the
preserved range is not a simple random sample
of the original range; instead, certain parts of the
range are heavily sampled and others are miss-
ing. For example, although beavers are found in
every county in Virginia, their fossil remains are
found only in cave sites in the western region
of the state. The extent to which preserved spa-
tial patterns reflect original biological structure,
geological overprint, and anthropogenic factors
or a combination of all three needs to be consid-
ered prior to testing spatial models of ecological
and evolutionary processes.

In sum, despite the tremendous spatial and
temporal variability in the nature of the rock
and fossil record (Peters, 20006), there are clear

Figure 2. Hierarchical multiplicative model produced by applying a thresh-
old to a random hierarchical multiplicative cascade (Cheng, 2014; Plotnick
and Sepkoski, 2001). A: Transects (11) divided into progressively smaller
divisions. Each division is assigned a Gaussian random number represent-
ing probability of preservation produced by a process acting at that scale.
B: Light blue line is the product of probabilities from A, representing the
total probability of preservation resulting from all processes. An arbitrary
cutoff is applied, produced a point distribution of fossil sites. C: Simulated
map of collection site distribution, produced by two-dimensional version
of same process (cf. Fig. DR1 [see footnote 1]). D: Lacunarity plot for the

simulated map (cf. Fig. 1 and Figs. DR2 and DR3).

commonalities in the spatial configuration of
fossil localities from across the Phanerozoic.
These patterns are readily modeled by assuming
that the controls on their occurrence are multi-
scaled, hierarchical, and multiplicative. Previ-
ous studies have demonstrated the fractal nature
of sedimentary processes in time (Kemp, 2012;
Miall, 2015), with the resulting stratigraphic
record characterized by gaps at all scales pro-
duced as an inevitable product of depositional
and erosional processes (Tipper, 2016). The cur-
rent study demonstrates for the first time that
this pattern is also valid in space. The develop-
ment of detailed mechanistic models to explain
the spatial distribution of fossil sites is still in its
early stages (e.g.. Block et al., 2016) and should
include the range of stratigraphic, tectonic, cli-
matic, taphonomic, and even anthropogenic fac-
tors that could control the distribution of sites.

GEOLOGY | Volume 45 | Number 4 | www.gsapubs.org

The output of these models will need to be com-
pared, at some point, to the data to test their
validity. Lacunarity and related spatial statistical
methods should be an important approach to
these data-model comparisons (Plotnick, 1999).
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ABSTRACT

Measurements and mechanical models of heterogeneous bedload
transport in rivers remain basic challenges for studies of landscape
evolution and watershed management. A 700 m reach of the Trinity
River (northern California, USA), a large gravel-bed river, was instru-
mented with an array of 76 seismographs during a dam-controlled
flood and gravel augmentation to investigate the potential for out-of-
stream monitoring. The temporal response to gravel augmentation
during constant discharge provides strong evidence of seismic sen-
sitivity to bedload transport and aids in identification of the seismic
frequencies most sensitive to bedload in the study area. Following
gravel augmentations, the seismic array reveals a period of enhanced
transport that spans most or all of the reach for ~7-10 h. Neither the
duration nor the downstream extent of enhanced transport would have
been constrained without the seismic array. Sensitivity to along-stream
transport variations is further demonstrated by seismic amplitudes
that decrease between the upper and lower halves of the reach consis-
tent with decreased bedload flux constrained by time-lapse bathymetry.
Insight into the magnitude of impact energy that reaches the bed is
also gained from the seismic array. Observed peak seismic power
is ~1%-5% of that predicted by a model of saltation over exposed
bedrock. Our results suggest that dissipation of impact energy due to
cover effects needs to be considered to seismically constrain bedload
transport rates, and that noninvasive constraints from seismology can
be used to test and refine mechanical models of bedload transport.

INTRODUCTION

Mechanical work done at Earth’s surface by erosional processes can
contribute to the signals recorded by ground velocity sensors in seismo-
graphs. Application of seismology to monitoring surface processes has
expanded recently, including studies of rivers, landslides, debris flows,
glaciers, and coastal processes (e.g., Burtin et al., 2016; Larose et al., 2015;
Kean et al., 2015; Gimbert et al., 2016; Poppeliers and Mallinson, 2015).
Bedload transport in rivers is a particularly relevant target for seismology
because it is an important component of sediment transport and river inci-
sion that is difficult to measure (e.g., Gray et al.. 2010), especially during
high discharge events, and the abundant collisions between coarse grains
and the riverbed are predicted to yield measurable seismic waves outside
the channel (Tsai et al., 2012).

Seismic detection of coarse sediment transport has been suggested
based on hysteresis in observed seismic power versus water discharge,
which likely represents variable bedload transport for a given discharge
owing to temporally evolving bedload supply (Burtin et al., 2008; Hsu
et al,, 2011; Schmandt et al., 2013; Diaz et al., 2014; Roth et al., 2014;
Chao et al., 2015). However, the utility of detecting bedload by observing
hysteresis is limited because all bedload transport events need not exhibit
hysteresis and changes in bed morphology could contribute to hysteresis
by changing turbulent flow (Gimbert et al., 2014). Comparisons of con-
tinuous seismic amplitudes with physical bedload samples (Burtin et al.,
2011), proxies from acoustic monitoring of impact plates beneath the
riverbed (e.g., Barriére et al., 2015; Roth et al., 2016), and flux measured

by direct capture (Roth et al., 2016) also provide evidence that bedload
is seismically detectable. Remaining challenges that we seek to address
include the robust separation of water and bedload signals (Roth et al.,
2016). a paucity of constraints on how seismic signals vary along stream,
and the need to test mechanical models of the seismic signal of bedload.

Here we take advantage of extensive monitoring and regulation of the
Trinity River in northern California, as part of the Trinity River Resto-
ration Program (Gaeuman, 2014), to investigate fluvial seismic signals
during a dam-controlled flood and controlled gravel augmentation. In
particular, we seek to study the temporal and spatial scales of enhanced
bedload transport due to gravel augmentation. Knowledge of those scales
is valuable for management decisions, but they are poorly constrained by
conventional methods. Advancing upon prior seismic studies we use an
array of 70 seismographs to continuously monitor along-stream varia-
tions in seismic signals (Fig. 1). Complementary constraints include a
local gage station, time-lapse bathymetry, and physical sampling of bed-
load. Our results deliver new constraints on the duration and downstream
extent of enhanced bedload transport, demonstrate seismic sensitivity to
reach-scale transport variations, and reveal low seismic power compared
to predictions for a model of saltation in a bedrock channel.

DATA
Seismic data were collected during a dam-controlled flood in May
2015. Small cable-free seismographs referred to as nodes were used to
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Figure 1. Map of the study reach. Node and broadband seismo-
graph locations are indicated. The physical sampler transect is
labeled in black. The high water line at peak discharge is con-
toured in blue. The red asterisk denotes the gravel injection point.
Sonar-constrained bathymetry is shown for the deepest part of
the channel. River flow direction is indicated by the black arrow.
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