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Igneous Rock Associations 28.
Construction of a Venusian Greenstone
Belt: A Petrological Perspective

J. Gregory Shellnutt

Department of Earth Sciences, National Taiwan Normal University
88 Tingzhon Road Section 4, Taipei 11677, Taiwan
E-mail: jgshelln@ntnn.edn.tw

“Tmagination is more important than knowledge. Knowledge is limited.
Imagination encircles the world” - Albert Einstein

“Every sentence I utter must be understood not as an affirmation, but as
a question.” - Niels Bohr

SUMMARY

The crustal evolution of Venus appears to be principally driv-
en by intraplate processes that may be related to mantle
upwelling as there is no physiographic (i.e. mid-ocean ridge,
volcanic arc) evidence of Earth-like plate tectonics. Rocks with
basaltic composition were identified at the Venera 9, 10, 13,
and 14, and Vega 1 and 2 landing sites whereas the rock
encountered at the Venera 8 landing site may be silicic. The
Venera 14 rock is chemically indistinguishable from terrestrial
olivine tholeiite but bears a strong resemblance to basalt from
terrestrial Archean greenstone belts. Forward petrological
modeling (i.e. fractional crystallization and partial melting) and
primary melt composition calculations using the rock compo-
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sitions of Venus can yield results indistinguishable from many
volcanic (ultramafic, intermediate, silicic) and plutonic
(tonalite, trondhjemite, granodiorite, anorthosite) rocks that
typify Archean greenstone belts. Evidence of chemically pre-
cipitated (carbonate, evaporite, chert, banded-iron formation)
and clastic (sandstone, shale) sedimentary rocks is scarce to
absent, but their existence is dependent upon an ancient Venu-
sian hydrosphere. Nevertheless, it appears that the volcanic—
volcaniclastic—plutonic portion of terrestrial greenstone belts
can be constructed from the known surface compositions of
Venusian rocks and suggests that it is possible that Venus and
Early Earth had parallel evolutionary tracks in the growth of
proto-continental crust.

RESUME
L'évolution de la croite de Vénus semble étre principalement
déterminée par des processus intraplaques qui peuvent étre liés
a des remontées mantelliques, car il n'y a aucune preuve phys-
iographique d'une tectonique des plaques semblable a la Terre
(c.-a-d. dorsale médio-océanique, arc volcanique). Des roches
de composition basaltique ont été identifiées sur les sites d'at-
terrissage de Venera 9, 10, 13 et 14 et Vega 1 et 2 tandis que la
roche rencontrée sur le site d'atterrissage de Venera 8 peut étre
silicique. LLa roche du site de Venera 14 est indiscernable de la
tholéiite a olivine terrestre de par ses propriétés chimiques,
mais ressemble fortement au basalte des ceintures de roches
vertes archéennes terrestres. La modélisation pétrologique
prospective (c.-a-d. cristallisation fractionnaire et fusion par-
tielle) et les calculs de la composition de fusion primaire a pat-
tir des compositions des roches de Vénus peuvent donner des
résultats indiscernables de nombreuses roches volcaniques
(ultramafiques, intermédiaires, siliciques) et plutoniques
(tonalite, trondhjemite, granodiorite, anorthosite) qui carac-
térisent les ceintures de roches vertes archéennes. Les preuves
de roches sédimentaires précipitées chimiquement (carbonate,
évaporite, chert, formation de fer rubané) et clastiques (gres,
schiste) sont rares ou absentes, mais leur existence dépend
d'une ancienne hydrosphere vénusienne. Néanmoins, il semble
que la partie volcanique-volcanoclastique-plutonique des cein-
tures de roches vertes puisse étre construite a partir des com-
positions de surface connues des roches vénusiennes et sug-
gere qu'il est possible que Vénus et la Terre primitive aient eu
des trajectoires évolutives paralleles de croissance de la crotte
proto-continentale.

Traduit par la Traductrice

© 2021 GAC/AGC®



INTRODUCTION

Venus and Earth are often considered to be sister planets as
they are similar in size, bulk composition, density, crater reten-
tion, and they have significant, albeit compositionally distinct,
atmospheres (Table 1; Hansen 2018; Taylor et al. 2018). The
modern exploration of Venus began in the 1960s and it was
the first planet to be visited by a spacecraft (Mariner 2), have a
probe soft-land on the surface (Venera 7), and to have surface
pictures taken and sent back to Earth (Venera 9). Exploration
of Venus continues to this day although the number of proj-
ects has waned since the successful Venera, Magellan, and
Venus Express programs of the 1960s—1980s, 1990s, and
2000s (Basilevsky and Head 2003). Consequently, new discov-
eries have lagged behind that of other celestial bodies such as
Mercury, Mars, Ceres, Titan, and Pluto. In spite of the lesser
number of missions, new ideas and concepts on the evolution
of Venus have been proposed in the past decade that could
change the perception of Venus as an inhospitable hellscape.
The new observations have led to suggestions that the crust of
Venus may be differentiated (Hashimoto et al. 2008; Gilmore
et al. 2015), that Venus may have sustained vast oceans until
the middle Neoproterozoic (Way et al. 2016; Way and Del
Genio 2020), that there was a climatic transition from relatively
cool and wet that permitted deposition and erosion to hot and
dry (Khawja et al. 2020; Byrne et al. 2021), that the surface age
(~130 Ma) may be very young (Bottke et al. 2015), and that the
conditions to support life may exist in the atmosphere (Seager
et al. 2021).

The geology of Venus remains enigmatic as the physio-
graphic features are known, but there is a dearth of detailed
information on just about all other aspects (e.g. thermal
regime, surface composition, sediment deposition) of crustal
evolution (Basilevsky and Head 1988, 2003; Nimmo and
McKenzie 1998; Ivanov and Head 2011). The surface of
Venus is dominated (~ 80%) by relatively featureless volcanic
plains that lie within = 1 km of the mean planectary radius
(mpr), whereas the remainder of the surface is composed of
mesolands and highlands (Fig. 1; Basilevksy and Head 2003;
Fegley Jr. 2014). The mesolands are moderately elevated, 1 km
to 2 km above the mpr, and are known for their coronae (large
oval volcanic domains) and chasmata (troughs) features. The
highland regions represent ~ 8% of the surface and consist of
tesserae terranes, large volcanic edifices, compression-related
mountain belts, and may be compositionally different from the
lowlands (Ansan and Vergely 1995; Basilevksy and Head 2003;
Hashimoto et al. 2008; Gilmore et al. 2015). From the geomor-
phology of the crust, it is clear that Venus does not have
Earth-like plate tectonics due to the absence of globe-encit-
cling mid-ocean ridges and volcanic arc subduction zones
(Nimmo and McKenzie 1998). However, the formation of the
highlands is perplexing as it is not precisely known how or why
thickened and compositionally differentiated crust can be
voluminous in the absence of plate tectonics.

Different tectonic models have been proposed to explain
the compressional, extensional, and deformational features
and the higher elevations (> 3 km) of the highland terranes
(tesserae). Models of highland formation are primarily focused
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Table 1. Physical properties of Venus and Earth.

Property Venus Earth
Radius 6052 km 6378 km
Mass 4.87 x 10* kg 5.97 x 10* kg
Bulk density 5.24 (g/cm’) 5.51 (g/cm’)
Albedo 59% 39%
Sutface gravity 8.87 m/s 9.80 m/s
acceleration

Average surface 460°C 15°C
temperature

Atmosphere N, (3.5%) N, (78.1%)
composition O, (0-20 ppm) 0O, (20.9%)

CO, (96.5%) CO, (420 ppm)
H,O (30 £ 15 ppm) H,O (4% to 40 ppm)

Values from Faure and Messing (2007).

on whether mantle upwelling or downwelling is the controlling
factor in their development and maintenance (Bindschadler
1995; Jull and Arkani-Hamed 1995; Phillips and Hansen 1998;
Hansen and Willis 1998; Hansen et al. 1999). The two largest
highland terranes, Ishtar Terra and Aphrodite Terra, bear a
striking resemblance to continental crust on Earth as they are
elevated with respect to the volcanic plains and they appear to
be older and at least partially deformed (Bindschadler and
Head 1991; Ivanov 2001; Hashimoto et al. 2008; Romeo and
Turcotte 2008; Gilmore et al. 2015). The apparent lack of plate
tectonics and the existence of highland terranes on Venus has
led to suggestions that Venus may be analogous to the pre-
plate tectonics Archean Earth or possibly a post-plate tecton-
ics setting (Hamilton 2007; Hansen 2007a, 2018; Harris and
Bédard 2014). In fact, the vertical tectonic (mantle upwelling)
model for the development of Venusian highland terranes is
somewhat comparable to the ‘unstable stagnant lid” model pro-
posed for some granite—greenstone belts of Archean cratons
(Harris and Bédard 2015; Bédard 2018). However, a major
uncertainty with all geological analogues between Venus and
Earth is whether the two planets have similar mantle composi-
tions and structures, supracrustal rock types (komatiite, kim-
berlite, sedimentary rocks), or operated under similar tectonic
regimes (plate tectonics).

The surface composition of Venus was measured at seven
different locations between 20°S and 30°N across the volcanic
plain and mesoland regions (Fig. 2; Kargel et al. 1993). The
Venera 13, Venera 14, and Vega 2 landers analyzed, with the
exception of Na,O, the major elements, Cl, and SO, by X-ray
fluorescence spectrometry (Table 2); whereas the Venera 8,
Venera 9, Venera 10, Vega 1, and Vega 2 landers measured Th,
U, and K by 7y-ray spectrometry (Table 3; Vinogradov et al.
1973; Surkov 1977; Surkov et al. 1984, 1986, 1987). The rocks
at the Venera 13 and Venera 14 sites are compositionally
basaltic, but have distinct concentrations of CaO and K,O.
The compositional differences indicate the Venera 13 rock is
alkaline (olivine leucitite or phonotephrite) whereas the Venera
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Table 2. Major element compositions of basalt from Venus, mid-ocean ridges, Archean greenstone belts, and the estimated com-

position of the Venera 8 rock.

Sample Venera 13 Venera 14 Vega 2 Venera 8 N-MORB E-MORB Archean  Archean
(estimated) (mean) (mean) (DAT) (EAT)

SiO, (wt.%) 451 £ 3.0 48.7 £ 3.6 45.6 £3.2 58.3-65.6 50.42 £0.08  50.58 £ 0.33 50.90 50.91

TiO, 1.6 £ 045 125+ 0.41 0.20 £ 0.1 0.5-1.5 1.53 £ 0.04 1.53 £ 0.11 0.95 1.53

ALO; 158 £ 3.0 179+ 2.6 16.0 + 1.8 13.4-16.2 1513 £0.12 1494 £ 0.38 15.72 15.63

FeO 93122 8818 7.7+ 1.1 3.2-6.8 9.81 £0.15 9.64 £ 0.48 10.30 12.02

MnO 0201 0.16 £ 0.08 0.14 £ 0.12 0.1-0.2 0.17 £0.004  0.16 £0.013 0.22 0.19

MgO 114+ 6.2 8.1+£33 115+ 3.7 1.6-4.1 7.76 £ 0.09 7.37 £0.27 7.64 7.01

CaO 7.1£1.0 103+ 1.2 7.5%0.7 2.8-0.4 11.35+0.08  11.18 £ 0.27 11.76 9.04

Na,O 2.0 £ 0.5% 2.4 £ 0.4* 2.0 £ 0.5% 2.5-4.4 2.83 £0.05 272 £0.18 2.18 2.78

K,O 4.0 £ 0.6 0.2 £0.07 0.1 £0.08 3.4-49 0.14 £ 0.11 0.39 £ 0.075 0.22 0.71

P,0s 0.2-0.70 0.16 £0.004  0.24 £ 0.051 0.10 0.17

SO; 1.6 £1.0 0.88 = 0.77 47+15

cl <0.3 <04 <03

H,O

Th (ppm) 20*1.0 0.4-6.7 0.25 £ 0.029 1.4+0.23

U (ppm) 0.68 £ 0.38 1.6-2.7 0.08 £0.008  0.39 = 0.06

Total 98.1 98.7 95.4

All Venus basalt data reported at 10 uncertainty. *The Na,O content is calculated for the Venera 13, 14 and Vega 2 data (Surkov et al. 1984,
1986). The calculated Venera 8 composition is from Nikolayeva (1990). The mean (26) N-MORB (normal mid-ocean ridge basalt) and E-
MORB (enriched mid-ocean ridge basalt) compositions are from Gale et al. (2013). Average Archean tholeiitic compositions from Condie
(1981). DAT = depleted Archean tholeiite; EAT = enriched Archean tholeiite.

Table 3. Measured K,O, Th and U contents from the surface rocks of Venus by g-ray spectrometry.

Sample Vega 1 Vega 2 Venera 8 Venera 9 Venera 10
K,0O (wt.%) 0.45 £ 0.22 0.40 £ 0.20 40+12 0.47 £ 0.08 0.30 £ 0.16
Th (ppm) 15212 20+1.0 65122 3.65 = 0.42 0.70 £ 0.34
U (ppm) 0.64 = 0.47 0.68 = 0.38 22+07 0.60 £ 0.16 0.46 £ 0.26

The results reported by Surkov et al. (1987).

14 rock is sub-alkaline and similar to tholeiite from Archean
greenstone belts and terrestrial within-plate settings (Fig, 3;
Condie 1981; Filiberto 2014). The material measured at the
Vega 2 landing site is unusual and may be representative of a
soil-rock mixture as the reported SO; (4.7 £ 1.5 wt.%) content
is very high. The remaining rocks are considered to be tholei-
itic basalt or gabbro based on their Th—U-K contents (Fig. 4;
Vinogradov et al. 1973; Surkov et al. 1986; Kargel et al. 1993;
Treiman 2007).

There is significant uncertainty regarding the nature of the
rock measured at the Venera 8 landing site as the Th (6.5 £ 2.2
ppm) and U (2.2 £ 0.7 ppm) concentrations are anomalously
high and within the range of intermediate to silicic (granodior-
ite or dacite) igneous rocks (Nikolayeva 1990; Basilevsky et al.
1992). Nikolayeva (1990) suggested that the Venera 8 rock
could be evidence of differentiated (continental?) crust but the
K,0 (K,0 = 4.0 £ 1.2 wt.%) content of Venera 8 is indistin-
guishable from the value reported at the Venera 13 (K,O = 4.0
+ 0.6 wt.%) landing site (Kargel et al. 1993; Treiman 2007).
Subsequently, Basilevsky et al. (1992), due to the data uncer-
tainty, concluded that the Venera 8 rock could be either an

http://www.geosciencecanada.ca

alkali basaltic rock (leucitite, minette, lamprophyre) or an
evolved intermediate rock (diorite, granodiorite, syenite). The
predominance of basaltic rocks encountered on the surface of
Venus suggests that the planet may have retained its primary
crust or that it is dominated by flood basalt of large igneous
provinces or possibly the supracrustal successions of terrestri-
al Archean granite—greenstone belts (Harris and Bédard 2014,
Hamilton 2015; MacLellan et al. 2021).

This contribution is a review of petrological modeling
(fractional crystallization modeling, equilibrium partial melt-
ing, primary melt composition) that used the surface composi-
tions measured at the Venera 13, Venera 14, and Vega 2 land-
ing sites (Surkov et al. 1984, 1986, 1987). The modeling results
are contextualized from within the framework of terrestrial
geology and the formation mechanism of Archean
supracrustal rocks as deduced from greenstone belts that typi-
ty the oldest cratons of Earth. The purpose of this manuscript
is to demonstrate that the volcanic and sedimentary lithologies
of terrestrial greenstone belts can be generated from rock
compositions that are known to exist on the surface of Venus.
Although the uncertainty in the data and the limited geological
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Figure 3. Major elemental comparison of Venusian basalt to tholeiitic basalt from
Superior Province greenstone belts. All Superior Province data are from the
GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/). The Superior
Province basalt data were selected if the sum total was > 97 wt.% and < 101 wt.%
without loss on ignition and MgO < 15 wt.%. Total iron was recalculated to FeOt
(Fe,05 wt.% = 0.8998 * FeO wt.%).

knowledge of Venus prevents a firm conclusion, the findings
indicate that the existence of greenstone belt-like crust on
Venus cannot currently be dismissed. Therefore, I offer a
hypothesis that is eminently testable for future missions to
Venus.
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Figure 4. Trace elemental comparison of the Venusian basalts to all MORB and
greenstone belt basalts from the Superior Province. All MORB values from Gale et
al. (2013) and the Superior Province data is from the GEOROC database
(http:/ /georoc.mpch-mainz.gwdg.de/georoc/).

SUMMARY OF MODELING PARAMETERS

Fractional crystallization and equilibrium partial melting mod-
eling of the Venusian rocks were conducted using the petro-
logical software MELTS (Shellnutt 2013) and Rhyolite-MELTS
(Shellnutt 2018, 2019; Shellnutt and Manu Prasanth 2021). The
magma conditions (initial temperature, relative oxidation state,

https://doi.otg/10.12789/geocan;.2021.48.176
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Table 4. Summary of MELTS and Rhyolite-MELTS modeling conditions.

Model Pressure Relative Water Venera 13 ~ Venera14 Vega2  Primitive Software

(GPa) oxidation content Venera 14  version
state (fO,) (wt.%)

2013

FC 0.01,0.1, 1.0 AFMQ 0 0,0.2 v v M

PM 0.01,0.1, 1.0 AFMQ 0 0,0.2 4 v M

2018

FC 0.01,0.1, 0.5 AFMQ 0, -1 0,0.5 4 R

PM 0.01, 0.1, 0.5 AFMQ 0, -1 0, 0.5 4 R

2019

FC 0.1, 0.5 AFMQ +0.7 0.4 v/ R

2021

FC 0.1,0.5,1.0 AFMQ -1,0,+1  0,0.20,0.5 4 4 v 4 R

FC = fractional crystallization; PM = equilibrium partial melting. M = MELTS (Smith and Asimow 2005); R = Rhyolite-MELTS

(Gualda et al. 2012). FMQ = fayalite-magnetite-quartz buffer.

All models ate isobaric conditions but the models of 2018, 2019, and 2021 include polybaric conditions. Primitive Venera 14 com-

positions were calculated by Shellnutt (2016).

water contents) used in the models encompass a wide range
due to the uncertainties of the redox state, ambient tempera-
ture, and water content of the Venusian mantle (Table 4).
However, conditions similar to terrestrial within-plate tectonic
settings rather than subduction zone or mid-ocean ridge set-
tings were used as a guide.

Pressure (1.0 GPa = ~ 35 km) is the least uncertain param-
eter and the model conditions range from surface to near sur-
face (0.01 GPa), upper crust (0.1 GPa), middle crust (0.5 GPa),
and lower crust (1.0 GPa). Most models presented here assume
isobaric conditions, however polybaric models were also mod-
eled (Shellnutt 2018, 2019; Shellnutt and Manu Prasanth 2021).
The relative oxidation states of the models are within one log
unit of the fayalite—magnetite—quartz buffer (AFMQ * 1) as
the FeO/MnO ratios of Venusian basalt (Venus basalt = 52;
bulk silicate Earth = 60) are similar to bulk silicate Earth.
Therefore, it is likely that the redox conditions of the Venusian
mantle that produced the basalt is within two log units of the
fayalite—magnetite—quartz (AFMQ £ 2) buffer, but could be
slightly less oxidizing (Haggerty 1978; Schaefer and Fegley Jr.
2017).

The water content of the Venusian mantle is the most
uncertain parameter. Evidence suggests Venus lost significant
quantities of surface water and that the low but stable concen-
tration of atmospheric water is maintained by atmosphere—
mantle coupling (Donahue et al. 1997; Fegley Jr. 2014; Filiber-
to 2014; Gillmann and Tackley 2014; Airey et al. 2015; Way et
al. 2016; Filiberto et al. 2020). Due to the uncertainty of the
water concentration of the Venusian mantle, anhydrous (H,O
= 0 wt.%) and hydrous conditions were used in the hope that
the conditions on Venus could be deduced indirectly from
these models. For the basaltic models, 0.2, 0.4, and 0.5 wt.%
water were used as these values are common for terrestrial
basalt at within-plate settings (Hauri 2002). For the primary
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melt compositions, water was set to 0.2 wt.% as this is typical
of primitive mafic and ultramafic volcanic rocks (Berry et al.
2008; Husen et al. 2013; Sobolev et al. 2010).

The primary melt composition and mantle potential tem-
perature (Tp) estimates are calculated for Venera 14 using
PRIMELT3 (Herzberg and Asimow 2015; Shellnutt 2016).
The important parameters for the calculations are FeOt and
MgO because they are the constituent components of olivine.
The CaO content is also important because it indicates
whether clinopyroxene and/or plagioclase were removed from
the starting composition (i.e. Venera 14 composition). Conse-
quently, the CaO content must be adjusted to prevent a
clinopyroxene fractionation warning, The maximum and min-
imum permitted values of MgO, FeOt and CaO (£ 10 error)
were used so that the Tp range can be constrained. The
remaining elements (TiO,, ALO;, MnO, CaO, Na,O and K,O)
are not major components of olivine and thus their variability
will not significantly influence the estimates. The calculated
primary melt compositions were then used for the Rhyolite-
MELTS fractional crystallization modeling to investigate how
the primary melts evolved after separation from the mantle

(Table 5).
WHAT IS A GREENSTONE BELT?

A signature feature of all Archean cratons is the occurrence of
granite—greenstone belts. Simply put, granite—greenstone belts
are well preserved linear to curvilinear rock suites that are typ-
ically 10-25 km wide, 100-300 km long, 5 km—30 km thick
and have a characteristic stratigraphy of volcanic rocks fol-
lowed by volcaniclastic and sedimentary rocks that represent
the final stages of maturation (Condie 1981; Bleeker 2002;
Hawkesworth and Kemp 2006; Anhacusser 2014; Thurston
2015). All greenstone belts are metamorphosed to some extent
and intruded by granitic rocks (e.g. tonalite—trondhjemite—gra-
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Table 5. Calculated primitive composition of the Venera 14 basalt and mantle potential temperature estimates.

Sample Venera 14 Batch AFM Venera 14 Batch AFM AFM Venera 14 Batch AFM
(model 1)  Melt (model 2) Melt (model 3) Melt
Si0, (wt.%) 48.7 49.11 49.13 48.7 46.41 4647 46.66 48.7 48.06 48.13
TiO, 1.25 126 1.26 1.25 1.07  1.08 1.12 1.25 1.19  1.20
ALO; 17.9 17.97 18.01 17.9 15.26 1544 15.99 17.9 17.05 17.22
Fe,O, 0.63  0.63 0.53 054 112 0.60  0.60
FeO 6.62  6.01 9.0 9.0 844 7.57  7.56
FeOt 7.1 9.7 8.1
MnO 0.16 0.16  0.16 0.16 015 015 0.16 0.16 0.16  0.16
MgO 9.9 10.21 10.11 11.3 15.56 15.14 1391 11.1 12.61 12.24
CaO 11.4 11.44 11.47 11.5 9.82 994 10.29 10.8 10.29  10.39
Na,O 2.4 241 242 2.4 204 207 214 2.4 229 231
K,0O 0.2 0.20  0.20 0.20 017 017 0.18 0.20 0.19  0.19
SO,
Cl
Total 99.01 100 100 103.11 100 100 100 100.61 100 100
Pressure (bars) 100 100 100 100 100 100 100
FeO (source) 8.02  8.02 8.02 8.02 8.02 8.02 8.02
MgO (source) 38.12 38.12 38.12 38.12 38.12 38.12 38.12
Fe,O,/TiO, 0.5 0.5 0.5 0.5 1.0 0.5 0.5
Mole Fraction Fe** /Fe* 092 092 094 094 0.88 093 093
% ol addition 0.6 0.3 13.0 118 82 4.3 3.3
F (%) 0.06  0.06 0.11  0.11  0.09 0.11  0.11
Temperature (°C) 1240 1240 1360 1350 1330 1300 1290
T, (°C) 1310 1310 1450 1440 1410 1370 1360

AFM = accumulated fractional melt. F (%) = melt fraction. The model compositions above are entered into PRIMELT3
(Herzberg and Asimow 2015). The software automatically normalizes the data to 100% for the calculation. T}, (°C) = mantle

potential temperature.

nodiorite) with many hosting significant deposits of base and
precious metals (e.g. Au, Zn, Pb, Ni, Cu).

The terrestrial Archean volcanic sequences are typically
composed of mafic subaqueous volcanic and volcaniclastic
rocks with felsic intercalations and almost no sedimentary
rocks. In comparison, the upper unit is primarily composed of
sedimentary caprocks with few subaerial K-rich volcanic rocks
(Fig. 5; Anhaeusser 2014; Thurston 2015). The lower portion
of the volcanic unit consists of subaqueous ultramafic
(komatiite) to mafic (tholeiite, boninite) volcanic rocks with
minor felsic tuff layers. The upper portions of the lower unit
consist of a bimodal sequence of tholeiitic flows and calc-alka-
line mafic and silicic (andesitic to thyolitic) volcanic rocks
(Condie 1981; Anhacusser 2014; Thurston 2015). In some
cases the mafic—ultramafic sequences are separated by thin lay-
ers of calc-alkaline rocks at intervals ranging from 3 million
years to 30 million years (Harris and Bédard 2014). Deposited
on top of the volcanic series are sedimentary rocks, but the
lithology of each greenstone belt is unique and can be com-
posed of volcanogenic sandstone and mud-rocks, chemically
precipitated carbonate rocks, sulphate chemically precipitated
rocks (e.g gypsum, barite), and banded iron formations, chert,
jaspillitic sequences, conglomerate—quartz arenite—carbonate
sequences, conglomerate—wacke—pelite, and tidal sand-wave

deposits (Anhaeusser 2014). Furthermore, sedimentary depo-
sitional gaps also exist between volcanic episodes that range in
duration from 2 to 27 million years (Thurston et al. 2008). The
total duration of magmatism of a given greenstone belt is vati-
able and can range from ~ 50 to ~ 300 million years (Percival
and Card 19806; Corfu and Andrews 1987; Byerly et al. 1990;
Anhaeusser 2014; Thurston 2015).

The intrusive complexes of greenstone belts include lay-
ered mafic intrusions (LMI), sill complexes, anorthosite plu-
tons, and granitic suites (Bédard et al. 2009; Anhacusser 2014;
Ashwal and Bybee 2017). The layered intrusions are consid-
ered to be representative of magma chambers in which
komatiitic and/or basaltic magma differentiated. Furthermore,
anorthosite, and associated leucogabbro and gabbro, is a minor
component of some greenstone belts (e.g. Abitibi, Fiskenzs-
set, Barberton). Anorthosite is principally formed by crystal-
lization and accumulation of plagioclase from a mafic or ultra-
mafic parental magma and occurs cither as layers within LMI
or as megacrystic lavas or sills (Ashwal and Bybee 2017).
Among the granitic rocks that intrude greenstone belts are the
tonalite—trondhjemite—granodiorite (T'TG) suites that are con-
sidered to be generated by partial melting of hydrous mafic
lower crust or possibly derived from subduction-related mag-
matic processes (Moyen 2011; Anhacusser 2014).

https://doi.otg/10.12789/geocan;.2021.48.176



20
=
¥ o
Tl £2
e
3
o
16 = ]l ®
w ‘E 2]
jo) n S
(= 035
e 2EQS
|SES®
o3
i @
: i o
e G
141 A:Miﬁ:vﬁ: 3L g
WOV Y S &
— A X $ .
= 3
2 = = Legend
7 3 é *g ® g
& -
121~ 1S9 g 3 Greywacke-
- = argillite
— |12 3 J
E
RRARARANA
» ANARARAAR g Shale
@ AARAaARAAd |
VvV Yy
9 a
10} g g
X € g ]
£ gl o
2 82 0] Conglomerate
= ARRRRARRRA Y S -
=t AAAAAAAAR ) I
€ s S ©
5 AananAAAA= © =
= s, | & Chert & Iron
g 8 g & Formation
g°r e :
2
© T "
T o O Breccia &
S9 - agglomerate
g : %
RARAARAAR (35 TIIIIIII)
AAAAAAAA E
61 aosm Tuff
R RAARARAAD
sy [ A — o
VV:VVVVV:V‘Q Silicic volcanic
S et ] rocks & sills
o VY
jol AAAAAAAANA S
= ananaannan S . .
4 3 . T Mafic volcanic
S RAANAARAAN D AAAAAR|  rocks & sills
ANAARAARAA ©
g LAV O
3 > Ultramafic
T <
k=l e L volcanic rocks &
B YY) ¢
2 sills
2k 8 ANARAAARAD
Carbonate
1 Sandy carbonate
[l

Figure 5. Greenstone belt stratigraphy of the Coolgardie—Kurrawang succession of
Western Australia (A) and the Vermilion succession (B) of Minnesota (modified
from Condie 1981).

The formation and origin (plate tectonic origin versus man-
tle-controlled) of greenstone belts has yet to be resolved as
they are thought to be analogous to modern oceanic plateaus,
volcanic arcs, ophiolites, or flood basalt suites that, at some
level, may involve a mantle plume particularly with respect to
the eruption of the lower mafic—ultramafic volcanic series (de
Wit and Ashwal 1995; Bédard et al. 2003, 2013; Smithies et al.
2005a; Bédard 2006; Condie and Benn 2006; Anhaeusser 2014;
Thurston 2015). The calc-alkaline nature of the silicic rocks in
greenstone belts is, in some cases, considered to be evidence in
favour of a volcanic arc-like origin for at least the silicic por-
tion of the bimodal sequence (Scott et al. 2002; Wyman et al.
2002; Smithies et al. 2005b). It is likely that greenstone belts
represent a glimpse into the development of primitive terres-
trial crust or proto-continental crust (Smithies et al. 2005a;
Thurston 2015; Bédard 2018).
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TECTONOTHERMAL REGIME OF VENUS

The surface of Venus is dominated by low-lying volcanic
plains that have a low crater density and an estimated crustal
thickness of 10-15 km (Strom et al. 1994; Nimmo and
McKenzie 1998; Byrnes and Crown 2002; James et al. 2013).
Constraints on the interior processes, in particular the upper
mantle, of Venus can be deduced from rock surface mor-
phologies and compositions, large-scale physiographic features
(rifts, folds, faults), and atmospheric composition (McKenzie
et al. 1992a; Lee et al. 2009; Armann and Tackley 2012; Gill-
mann and Tackley 2014; O’Rourke and Korenaga 2015). The
identification of large volcanic rises (e.g. Beta Regio), pancake
domes (flat-top and steep-sided), coronae and novae (e.g
Mokos, Selu, Zemire), shield volcanoes (e.g. Maat Mons, Sapa
Mons), and anastomosing lava channels indicate that Venusian
lava flows have different viscosities and different compositions
and/or represent different thermal regimes (Head et al. 1992;
McKenzie et al. 1992b; Pavri et al. 1992; Kargel et al. 1993;
Sakimoto and Zuber 1993; Lancaster et al. 1995; Nimmo and
McKenzie 1998; Byrnes and Crown 2002; Buchan and Ernst
2021; MacLellan et al. 2021). The low crater density of Venus
suggests volcanism was probably the main process of resurfac-
ing and the maintenance of a young surface age, although the
role of weathering and fluvial erosion in the denudation of
surface features is possible, but not well established (Hauck et
al. 1998; Smrekar et al. 2007; Kreslavsky et al. 2015; Way et al.
2016; Khawja et al. 2020). Hamilton (2005, 2015) offered an
alternative explanation and suggested that Venus became geo-
logically inert by 3.8 Ga due to less radiogenic heat, but this
view is not widely adopted.

The absence of Farth-like subduction zones and mid-
ocean ridges suggests that the interior cooling of Venus is
probably facilitated primarily by advective heat transport either
by mantle plumes or hotspots (Nimmo and McKenzie 1998;
Phillips and Hansen 1998; Smrekar et al. 2007, 2010; Gill-
mannn and Tackely 2014; Giilcher et al. 2020; MacLellan et al.
2021). Conduction and rifting and mantle decompressional
melting probably play important roles in mantle cooling as
well. Accretion and differentiation models of Venus-like plan-
ets yielded bulk mantle compositions similar to Earth (FeO =
8.14 + 0.90 wt.%), in particular the bulk FeO (4.52 to 8.25
wt.%) content (Herzberg and O’Hara 2002; Rubie et al. 2015).
Consequently, mantle potential temperatures and primary melt
compositions can be calculated from the Mg# of the Venusian
basalt and offer estimates on the possible thermal regimes that
operate on Venus as well as initial eruptive temperatures
(Nimmo 2002; Lee et al. 2009; Filiberto 2014). A number of
mantle potential temperature (T}) estimates were calculated for
Venus with temperatures of Venera 13 (T, = 1459 + 73°C)
and Venera 14 (T, = 1330°C, 1370 £ 70°C, 1459 + 101°C)
within the range of ambient conditions of modern Earth (i.c.
T, = 1350 + 50°C); whereas estimates of Vega 2 (T, = 1778
* 167°C) are significantly higher and could be within the range
of ambient Archean mantle, but the rock at Vega 2 may be
representative of a soil-rock mixture (McKenzie et al. 1992a;
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Lee et al. 2009; Weller and Duncan 2015; Shellnutt 2016,
2018). The initial melt composition of Venera 13 is difficult to
calculate because the whole rock sum total is lower than that
reported for the Venera 14 rock and it is alkaline, suggesting
that was not in equilibrium with a low volatile lherzolitic man-
tle source (Table 5; Filiberto 2014).

The calculated thermal estimates and primary melt compo-
sitions are consistent with some of the volcanic morphologies
(e.g. shield volcanoes, anastomosing lava channels) of the
planitiae, although the pancake domes appear to indicate low
viscosity lavas that may or may not be silicic (McKenzie et al.
1992b; Fink et al. 1993; Sakimoto and Zuber 1993). Neverthe-
less, as the range of model T, similar to Earth have been cal-
culated, the thermal regime and bulk composition of the
Venusian mantle can be considered similar to the Earth, as it is
consistent with known data. The possible thermal regime dif-
ferences suggest that Venus may have had regions character-
ized by rapid eruption flux of mafic and ultramafic lavas (cf.
Basilevsky and Head 2007; Hansen 2007b) and those of slower
eruption rates expected for passive rifting (Basilevsky and
Head 2002; Ivanov and Head 2015; Shellnutt 20106).

CONSTRUCTING A VENUSIAN GREENSTONE BELT

Lower Volcanic Sequence

When one builds a house it is wise to start with the foundation.
The lower volcanic sequence of greenstone belts is commonly
composed of spinifex-textured komatiite and primitive tholei-
itic basalt with volcaniclastic rocks (Condie 1981; Anhacusser
2014; Thurston 2015). The basalt measured at the Venera 14
landing site is compositionally similar to typical tholeiitic basalt
of Archean greenstone belts and, more broadly, mafic volcanic
rocks from continental flood basalt provinces or oceanic
plateaus (Figs. 3 and 4). It is probably the only rock type from
the Venus data set that can be identified with any degree of
certainty and even then, the uncertainty of the measurement
of Venera 14 is large.

The primary melt composition of Venera 14 was calculated
using PRIMELT3 software and reported by Shellnutt (2016)
and summarized in Table 5. Given the data uncertainty and the
mantle redox conditions of the Venusian mantle, four primary
melt compositions wete calculated by accumulated fractional
melting (AFM) whereas three were calculated using batch
melting (Table 5). The AFM compositions, probably more rep-
resentative of actual melt accumulation, show that the Venera
14 rock was either very close to a primitive basaltic melt or
possibly a picritic melt as it has mantle potential temperature
estimates ranging from 1310°C to 1440°C, and eruption tem-
peratures of 1240°C to 1350°C. Although the picritic compo-
sition is ultramafic (MgO = 15.1 wt.%), it is not similar to a
komatiite and the maximum mantle potential temperature esti-
mate (1440°C) obtained is much lower than that expected for
the terrestrial Archean (1500-1600°C) mantle (Herzberg et al.
2010). However, it does suggest that both mafic and ultramafic
lavas can erupt on Venus. In this regard, it is expected that
interlayering of mafic—ultramafic lavas and sills occurred and
that would resemble the lower volcanic sequences of a green-
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stone belt. Whether komatiite-like lavas erupted on Venus or if
subaqueous eruptions occurred is speculative at best, but con-
sidering the Venusian mantle was compositionally suitable to
generate a rock similar terrestrial to olivine tholeiite, then it
would be expected that they would exist at higher mantle
potential temperatures.

Bimodal Volcanic Sequence

Overlying the lower mafic—ultramafic volcanic sequence of
some greenstone belts is a bimodal volcanic sequence. The
bimodal volcanic sequence consists of mafic tholeiitic (basalt,
basaltic andesite) flows and intermediate (andesite, boninite) to
silicic (dacite and rhyolite) calc-alkaline flows (Condie 1981;
Anhaeusser 2014; Thurston 2015). The calc-alkaline nature of
the intermediate to silicic rocks is considered to be evidence of
an active margin (island arc or continental arc) origin for these
rocks by some (Kohler and Anhacusser 2002; Polat et al. 2002;
Smithies et al. 2005b), but it is debated (Pearce 2008; Bédard et
al. 2013; Barnes and Van Kranedonk 2014; Bédard 2018).

Intermediate and silicic igneous rocks have not conclusive-
ly been identified on the surface of Venus. The rock encoun-
tered at the Venera 8 landing site is currently the only hard evi-
dence for the existence of an evolved igneous rock on Venus
as it has high Th and U contents (Fig. 4). However, as dis-
cussed above, there are contrasting interpretations on the
nature of the Venera 8 rock (Nikolayeva 1990; Basilevsky et al.
1992; Kargel et al. 1993). Ghail and Wilson (2015) identified
large-scale, welded and possibly volatile-rich pyroclastic flow
deposits, but there is little evidence at this moment to support
or refute a silicic composition. Furthermore, pancake dome
volcanic structures indicate that high viscosity lava flows
erupted, but it does not confirm an intermediate or silicic
composition (Fink et al. 1993).

Fractional crystallization modeling using the Venera 13,
Venera 14, Vega 2, and the calculated Venera 14 primitive liq-
uid compositions as the parental magmas yield intermediate to
silicic compositions over a range of pressure, redox condi-
tions, and water contents (Shellnutt 2013, 2018, 2019; Shellnutt
and Manu Prasanth 2021). The modeled compositions include
andesitic, trachytic, dacitic, rhyolitic, and phonolitic liquids. In
other words, with the exception of foidite, many intermediate
and silicic rocks described on the total alkalis versus silica dia-
gram of Le Bas et al. (1986) can be generated by fractional
crystallization of a spectrum of Venusian basalt. The Venera
13 alkaline basalt can generate the highly alkaline rocks
(phonolite) after ~ 60% or more crystallization, whereas the
subalkaline Venera 14 and Vega 2 compositions can yield the
basaltic andesite—andesite—dacite—rhyolite series (Shellnutt
2013). The Vega 2 tholeiitic basalt can produce the trachytic
liquid series under specific (e.g. hydrous, polybaric) conditions
(ct. Shellnutt 2018).

Of particular interest is the Venera 8 rock because the Th—
U-K contents indicate that it could be silicic. Using the Th—
U-K contents of the Venera 8 rock, Nikolayeva (1990) calcu-
lated a likely bulk composition by comparing it to the distribu-
tion of the same elements in terrestrial rocks and concluded
that it could be similar to granodiorite or dacite (Table 2).

https://doi.otg/10.12789/geocan;.2021.48.176
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Haida Gwaii. Data from Thurston and Fryer (1983), Sage et al. (1996), Polat et al.
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(2017).

Shellnutt (2019) demonstrated that fractional crystallization of
a parental magma similar to Venera 14 subalkaline basalt could
yield a residual silicic liquid within the range that Nikolayeva
(1990) calculated. The modeling conditions that yielded the
calculated Venera 8 composition were hydrous (H,O = 0.4
wt.%), relatively oxidizing (AFMQ + 0.7), and polybaric crys-
tallization. Moreover, not only did the Venera 14 subalkaline
basalt fractional crystallization model yield compositions simi-
lar to the calculated Verena 8 composition, but the results also
generated liquids that are similar to intermediate to silicic vol-
canic rocks from terrestrial Archean bimodal complexes (Fig.
0).

The formation of a bimodal volcanic sequence on Venus is
plausible, more so with water and other volatile (Cl, F, CO,)
clements, and does not require unusual or special circum-
stances. The identification of pyroclastic deposits by Ghail and
Wilson (2015) provides support for the possibility that both
mafic and silicic volcaniclastic rocks would be present as well.
The identification of rocks with basaltic composition is con-
firmed on Venus and it is expected that a mafic magma will
yield a residual silicic liquid by fractional crystallization. Thus,
bimodal volcanic complexes generated by fractional crystalliza-
tion should exist on Venus. However, the formation of
bimodal sequences of terrestrial greenstone belts is more com-
plex than just fractional crystallization and involves assimila-
tion—fractional crystallization (AFC) processes and the volcan-
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ism is likely cyclic (Leclerc et al. 2011). Assimilation—fractional
crystallization (AFC) within Venusian volcanic and plutonic
systems is expected, but there are no constraints on the com-
position of possible source rock (e.g. sedimentary rock, vol-
caniclastic rock) of the contaminant beyond the melt compo-
sitions that are generated by the fractional crystallization mod-
els.

Upper Sedimentary Sequence

The upper unit of greenstone belts is largely composed of
sedimentary rocks with subordinate amounts of volcanic and
volcaniclastic rocks (Condie 1981; Anhacusser 2014; Thurston
2015). In many cases, the sedimentary sequences consist of
lower chemically precipitated sedimentary rocks (carbonate
rocks, banded-iron formation, and chert) and upper clastic
sedimentary rocks (wacke, conglomerate, pelite). The changing
nature of the sedimentary rock formations indicates terrestrial,
shallow marine, marginal marine, and tidal zone depositional
environments are possible (Anhaeusser 2014).

Key to the discussion on the existence of Venusian sedi-
mentary rocks is the presence of a paleohydrosphere. At the
moment, the atmosphere of Venus contains a stable amount
(30 £ 15 ppm) of water vapour which is thought to be main-
tained by volcanic degassing (Grinspoon 1993; Zolotov et al.
1997; Fegley Jr. 2014; Filiberto et al. 2020). Furthermore, the
high deuterium-to-hydrogen ratio (150 £ 30 times that of ter-
restrial water) indicates that Venus may have had a significant
amount of surface water that was at least 4 m deep and possi-
bly up to 530 m deep (Donahue et al. 1982, 1997). Atmosphet-
ic and planetary modeling indicates that Venus may have been
able to sustain a hydrosphere until ~ 750 million years ago
(Way et al. 2016; Way and Del Genio 2020).

Unconsolidated sediment was observed directly from the
Venera 9, 10, 13, and 14 landers indicating that the Venusian
surface experiences weathering and erosion (Florensky et al.
1983; Warner 1983). The sediments observed by the landers
suggest that they were cither deposited recently or that com-
paction has not occurred since their formation. At the
moment, the evidence for lithified or chemically precipitated
sedimentary rocks on Venus is limited, although Florensky et
al. (1977) and Basilevsky et al. (1985) opined that a sedimenta-
ry origin of the rocks encountered at the Venera 9, 10, 13, and
14 landing sites is one of at least six possible interpretations.
However, given their major and trace elemental compositions
and assuming a sedimentary origin, then they would most like-
ly be mafic volcaniclastic rocks. The rock compositions at the
Venera 13, Venera 14, and Vega 2 landing sites reported rela-
tively high SO, and Cl contents. Specifically, the Vega 2 (SO, =
4.7 £ 1.5 wt.%; Cl < 0.3 wt.%) site has high SO, content and
it appears that the sample was likely a mixture of basaltic rock
and regolith (Surkov et al. 1984, 1986). Although the data can-
not distinguish between sulphide (§*) and sulphate (SO,*), it is
possible that the high sulphur content is due to the breakdown
of evaporites, oxidation of sulphide minerals (gypsum, anhy-
drite, kieserite, langbeinite, polyhalite, kainite, barite, celestine,
anglesite), or fumarolic activity. The whole-rock data certainly
raise the possibility, although by no means definitive, that water
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existed on the surface and that chemically precipitated sedi-
mentary rocks were deposited. If this was the case then it is
conceivable that other chemically precipitated (chert, banded
iron formation, carbonate) sedimentary rocks may have existed
and that the rock units typical of the upper sedimentary
sequences of greenstone belts could be present. Moreover, a
Venusian hydrosphere would have accentuated deposition of
clastic sedimentary rocks via weathering and erosion. There is
evidence of channel erosion and possible folding of strata but
the features may be of volcanic origin rather than sedimentary
(Khawja et al. 2020; Byrne et al. 2021).

On Venus the formation of lithified epiclastic sedimentary
rocks or chemically precipitated sedimentary rocks is uncertain
and would be dependent on the existence of a paleohydros-
phere. At the moment there is evidence for volcaniclastic
deposits and erosional channels, and indications that sedimen-
tary layering may exist in the highland terranes, but unequivo-
cal identification of lithified or chemically precipitated sedi-
mentary rocks is needed. Consequently, the development of an
upper sedimentary sequence within a Venusian greenstone belt
is the least constrained feature.

Anorthosite and Layered Mafic Intrusions

The oldest anorthosite bodies (= 2.4 Ga) on Earth are spatially
and temporally associated with Archean greenstone belts.
Archean anorthosite is also distinguished by its megacrystic,
equidimensional plagioclase with anorthite contents (An% =
[Ca®*/Ca*+Na'+K'*100) of An,, to Ang and have an aver-
age value of Ang, (Ashwal and Bybee 2017). The megacrysts
are commonly spherical, ~ 0.5 cm to > 30 cm in diameter, and
are surrounded by a finer grained matrix of mafic silicate min-
erals (olivine, pyroxene) or a gabbroic groundmass (Ashwal
1993; Ashwal and Bybee 2017). Most Archean anorthosite
intrusions are small (< 500 km?® and likely developed within
shallow crustal magma chambers (Phinney et al. 1988; Ashwal
1993; Polat et al. 2009; Ashwal and Bybee 2017). The initial
melt composition that produced the anorthosite is thought to
be primitive (komatiite, picrite, basalt) and may have experi-
enced ecarly high pressure crystal fractionation of olivine
and/or orthopyroxene. Subsequent to high pressure fractiona-
tion, the less dense, hydrous, high Ca/Na and Al/Si tholeiitic
melt migrates to a magma chamber within the shallow crust
(0.1 GPa to 0.2 GPa) and crystallizes mafic silicate minerals
and accumulates megacrystic plagioclase. It is possible that the
plagioclase megacryst-rich magma is purged by new pulses of
mafic melt into the magma chamber (Phinney et al. 1988). Of
particular interest is the Venera 14 basalt (Mg# = 60 = 15;
ALO; = 17.9 £ 2.6 wt.%; CaO = 10.3 = 1.2 wt.%) because it
is similar to tholeiitic basalt of terrestrial Archean greenstone
belts and the compositional range (i.e. Mg# = 35-60; AL,O; =
14-18 wt.%; CaO = 9-15 wt.%) of the parental magmas that
are thought to generate Archean megacrystic anorthosite
(Ashwal and Bybee 2017).

Shellnutt and Manu Prasanth (2021) presented a compre-
hensive evaluation of the range of modeled plagioclase com-
positions from all known Venusian basalt that are expected to
crystallize at low pressure (0.1 GPa), under variable redox
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states (AFMQ = 1), and hydrous to anhydrous conditions. Pla-
gioclase crystallizes relatively early (1230—1190°C) within all
melt compositions (Venera 13, Venera 14, Vega 2) and is typi-
cally > 70 vol.% of the total mineral assemblage with the
remaining ~ 30 vol.% being olivine (1370-1190°C). With such
a high proportion of plagioclase crystallizing eatly and the
density contrast with olivine (olivine p = 3.2-3.3 g/cm’; pla-
gloclase p = 2.6-2.7 g/cmy’), plagioclase could accumulate
cither by density stratification or convection redistribution to
the point where it forms an anorthosite mush. The highest
anorthite values from each low pressure model ranges from
Angs to An,; (Table 6) and within the range of many Archean
anorthosite examples (Fig. 7). The compositions of plagioclase
after 50% of the total plagioclase crystallized range from An.,
to Ang. The Venera 13 alkaline basalt models are the reason
for the lowest anorthite contents (Ang ) whereas the Venera
14- and Vega 2 subalkaline basalt models are more calcic (An,y
7). However, Archean anorthosite plutons are unlikely to be
generated from alkaline magma (Ashwal and Bybee 2017).

As Venus has similar gravitational force (~ 91% of Earth)
and similar basalt composition with similar temperature and
phase relations, then it is likely that magma chambers would
also exist. Layered malfic intrusions (LMI) are expected within
the crust of Venus as the petrological processes of differenti-
ation (e.g. fractionation) and crystal layering can occur. The
estimated parental magma compositions of some terrestrial
LMIs are broadly similar to the Venera 14 rock composition
and would have similar liquidus phases (Table 7). Cumulus
mafic minerals could generate layered mafic or ultramafic
intrusions in the crust of Venus similar to those on Earth (e.g.
Bushveld, Kiglapait, Muskox). From a crystallization point of
view and assuming no crystal redistribution, an unlikely
prospect, all models can yield cumulate rocks following the lig-
uid line of descent of the modeling conditions (i.e. redox,
pressure, water). Dunite (2 90 vol.% olivine) can be generated
in the low (0.1 GPa) and medium (0.5 GPa) pressure models
and some high (1.0 GPa) pressure models settings, as olivine is
typically the liquidus mineral and is followed by plagioclase
(troctolite) and then clinopyroxene (gabbro). The high pres-
sure models can yield pyroxene-rich cumulate rocks (web-
sterite, clinopyroxenite, orthopyroxenite). Some cumulate rock
types could only be produced by specific parental composi-
tions. For example, norite (opx + pl) was produced in the
medium and low pressure Vega 2 models whereas harzburgite
can be produced by the primitive Venera 14 compositions and
wehrlite can be produced in Venera 13 models.

Venusian basaltic magma can produce LMIs in the crust
and there is no reason why they could not develop cumulate
monomineralic (anorthosite, dunite) layers or polyphase (gab-
bro, norite, troctolite, pyroxenite, websterite, wehrlite) layers
(Pavti et al. 1992; Shellnutt 2013, 2018; Smith and Maier 2021).
The principal uncertainties regarding the existence of LMI on
Venus are their abundance, size, and thickness.

Tonalite-Trondhjemite-Granodiorite Suites
Tonalite—trondhjemite—granodiorite (TTG) suites are a com-
mon intrusive rock type within Archean cratons (Jahn et al.

https://doi.otg/10.12789/geocan;.2021.48.176
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Table 6. Summary of modeled plagioclase anorthite content (An%) compositions.

J. Gregory Shellnutt

Model Total An range Initial An content An content at
50% crystallization
P (GPa) 0.1 0.5 1.0 0.1 0.5 1.0 0.1
Anhydrous
Vega 2a 79-23  78-13  75-16 79-77  78-77  75-71 74-72
Vega 2b 77-30  75-36  74-28 77-75  75-73  74-72 72-70
Venera 13 84-20  66-22 38-17 84-78  66-59  38-33 08-48
Venera 14 79-20  74-19  72-24 79-77  74-73  72-71 71-70
V14P1 80-13  78-15 73-17 80-79  78-76  73-71 76-72
V14Pp2 82-10  78-14 062-12 82-81 78-75 062-58 75-74
V14P3 80-11  79-14  73-17 80-79  79-73  73-70 73-72
Hydrous
Vega 2a 82-30 82-11  78-5 82-81 82-81 78-76 76-75
Vega 2b 80-26  80-24 77-14 80-79  80-79  77-75 75-74
Venera 13 85-32  62-24 34-21 85-80  62-60  34-32 66-59
Venera 14 81-26  78-18  74-8 81-80 78-77  74-70 75-74
V14P1 82-16 78-13  74-8 82-81 78-76  74-71 75-72
V14P2 82-14 80-11  57-8 82-81 80-76 57-50 76-74
V14P3 82-16  79-12  73-8 82-80  79-75  73-66 75-74

Anorthite content (An%) = [(Ca®"/(Ca*+Na'+K"))*100]. Anorthite contents ate rounded to whole numbers actoss all redox con-
ditions relative to the fayalite-magnetite-quartz buffer (AFMQ +1, 0, -1). Anorthite content at 50% crystallization is the compo-
sitional range of plagioclase when ~50% of all plagioclase in the system crystallized in the low pressure model. P = pressure in
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Figure 7. A comparison of modeled plagioclase compositions to those from
Archean (2 2.5 Ga) megacrystic anorthosite (anorthosite data from Ashwal 1993).
The range of initial plagioclase compositions from all models at shallow pressure
(0.1 GPa) is shown in pink. The range of anorthite content at ~ 50% plagioclase
crystallization for all models except Venera 13 is extended to the dashed line. The
Venera 13 anorthite content at ~ 50% plagioclase crystallization is shown in light

purple.

1981; Martin 1994; Martin and Moyen 2002; Moyen 2011;
Moyen and Martin 2012). The TTG series is silicic (SiO, > 64
wt.%), sodic Na,O = 3.0 wt.% to 7.0 wt.%), and leucocratic
(TiO,+Fe,05t+MnO+MgO = 5.0 wt.%) with generally high
alumina (ALO; > 15 wt.%) content at high SiO, (> 70 wt.%)
content, depleted heavy rare earth element (HREE) signatures,
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and Mg numbers (~ 10 to ~ 70) that cover a wide range
(Drummond and Defant 1990; Moyen 2011; Martin and
Moyen 2012). It is thought that the TTG suites are derived pri-
marily by partial melting of metamafic rocks extending from
low to high pressure (< 1.0 GPa to > 2.5 GPa) conditions
across a range of proposed geodynamic settings that include
orogenic/subduction and anorogenic (Moyen 2011; Bédard et
al. 2013; Johnson et al. 2017).

Although Venus does not appear to have Earth-like plate
tectonics, there are compressional features (e.g Ishtar Terra)
and possibly structures related to subduction or underthrust-
ing-like structures (e.g. Artemis corona) that suggest horizontal
and vertical thickening both occurred (Suppe and Connors
1992; Davaille et al. 2017). Moreover, crustal thickness esti-
mates suggest that some regions of the highland terranes may
exceed 30 km and up to 65 km (Head 1990; James et al. 2013;
Harris and Bédard 2015). Therefore, it is possible that partial
melting of tectonically thickened Venusian mafic crust could
yield magmas that fall within the range of the TTG series. In
fact, the Venera 14 composition is somewhat similar to the 3.5
Ga Coucal Formation basalt of the lower Pilbara Supergroup
of Western Australia. Johnson et al. (2017) demonstrated by
phase equilibria modeling that the Coucal basalt can yield TTG
magmas after 20—30% partial melting along a high geothermal
gradient (700°C/GPa).

Shellnutt (2013) showed that hydrous (0.2 wt.%) equilibri-
um partial melting of the Venera 14 sub-alkaline basalt at 1
GPa under moderately oxidizing conditions (AFMQ 0) will
yield liquid compositions at 1040°C to 950°C that are very
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Table 7. Major elemental compositions of the Venera 14 basalt and proposed patental magma compositions of layered mafic

intrusions.
Sample Venera 14 Skaergaard Kiglapait Stillwater Bushveld Bushveld
Critical Zone Upper Zone
SiO, (wt.%) 48.7£3.6 48.1 47.97 49.41 48.50 49.32
TiO, 1.25 + 0.41 1.17 1.24 1.20 0.75 0.81
ALO, 179 £ 2.6 17.2 18.95 15.79 16.49 15.67
FeO 8.8t 1.8 9.6 11.67 12.14 12.41 12.77
MnO 0.16 £ 0.08 0.16 0.14 0.20 0.19 0.19
MgO 8.1+£33 8.6 7.67 7.36 7.57 6.08
CaO 103 £1.2 11.4 8.60 10.88 11.15 10.83
Na,O 2.4 £ 04* 2.34 3.21 2.19 2.17 2.94
K0 0.2 £0.07 0.25 0.40 0.16 0.14 0.25
P,0O; 0.10 0.13 0.11 0.18 0.07
SO, 0.88 + 0.77
Cl <04

Uncertainty of Venera 14 data is at 10 level. ¥*The Na,O content is calculated for the Venera 14 rock (Surkov et al. 1984). Proposed
parental magma compositions of the Skaergaard intrusion (McBirney 1996), Kiglapait intrusion (Morse 2015), Stillwater Complex
(McCallum 1996), and the Critical Zone and Upper Zone of the Bushveld Complex (Eales and Cawthorn 1996).

similar to TTG suites after 6—8% melting (Fig. 8). The estimat-
ed tectonothermal conditions of Venus are sufficient to melt
mafic crust at the modeled primary liquid temperatures and
the modeling pressure is within the range of crustal thickness
estimates (> 30 km) of Ishtar Terra and Ovda Regio regions
(James et al. 2013; Harris and Bédard 2015). Therefore, it is
conceivable that TTG-like magmas could form within the
highland regions of Venus provided that the base of the crust
was broadly similar to olivine tholeiite and moderately hydrous.
The models using the Venera 13 and Vega 2 compositions
could not yield TTG-like compositions by equilibrium partial
melting because they are cither too alkaline or deficient in sili-
ca.

Summary

The modeling results indicate that the principal lithologies of
terrestrial Archean granite—greenstone belts can be formed
from the known rock compositions of Venus. There is signif-
icant uncertainty in the generation of the chemically precipitat-
ed sedimentary sequences, but unlithified sediments do exist
on Venus and it is possible that lithified clastic sedimentary
rocks also exist. Therefore, it is possible that Venus and Earth
may have evolved along similar paths from the Hadean to the
Neoarchean. The implication is that Venus may provide evi-
dence for the development of proto-continental crust of
Earth prior to the initiation of plate tectonics.

WAS EARLY VENUS ANALOGOUS TO ARCHEAN EARTH?

One of the most important first order geological features of
Venus is the dichotomy between the low crater density of the
crust and the apparent absence of modern Farth-like plate tec-
tonics. The estimated crater retention surface age of Venus is

fairly young (€ 1 Ga) in comparison to Mars or the Moon (Tur-
cotte 1993; Strom et al. 1994; Basilevsky and Head 2002; Her-

rick and Rumpf 2011; Bottke et al. 2015; Fasset 20106) although
Hamilton (2007) suggested that the surface of Venus could be
closer to ~ 3.8 Ga. The absence of a planet-wide geodynamic
mechanism responsible for maintaining a low crater density
and generating morphologically and tectonically distinct ter-
ranes is perplexing, Given the absence of plate tectonics, the
most likely explanation for the young surface features of
Venus is advective transport of mantle material via hotspots or
mantle plumes that may petiodically and/ot catastrophically
erupt (Phillips and Hansen 1998; Ernst and Desnoyers 2004,
Hansen 2007b; Romeo and Turcotte 2010; Smrekar et al. 2010;
Smrekar and Sotin 2012; O’Rourke et al. 2014; Ghail 2015;
Ivanov and Head 2015; Kreslavsky et al. 2015; Giilcher et al.
2020; Uppalapati et al. 2020). It is from this perspective that
Venus is frequently considered as an analogue for Archean
Earth as it is thought that modern plate tectonics did not com-
mence until ~ 2.5 billion yeats or later and that the tectonic
regime was mostly driven by a vertical process, that is, mantle
plume-initiated rifting and collision (Smithies et al. 2005a;
Condie et al. 2016; Bédard 2018; Brown et al. 2020; Dewey et
al. 2021).

Compared to the Phanerozoic (~ 540 Ma to present) or
even the Proterozoic (~ 2.5 Ga to ~ 0.54 Ga), less is known
about the tectonic regime and development of the Archean (~
4.0 Ga to ~ 2.5 Ga) Earth due to the progressive degradation
of the geological record (Brown et al. 2020; Hawkesworth et
al. 2020). Moreover, there is debate on the timing of plate tec-
tonics initiation (Condie and Kroéner 2008; Stern 2008; Hamil-
ton 2011, 2019; Dewey et al. 2021). However, most agree that
the thermal regime under which Archean crust developed was
300°C to 500°C higher than ambient conditions of today (T,
= 1350 * 50°C). There is virtually no rock record of the
Hadean (~ 4.5 Ga to ~ 4.0 Ga) as most of the information is
inferred from the Acasta Gneiss, detrital zircon, or isotopic
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Figure 8. Major elemental comparison of the high pressure (GPa = 1.0) partial melts of the Venera 14 rock (in outlined box) to tonalite—trondhjemite—granodiorite (I'TG)
rocks. TTG data from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/) and all data are recalculated to 100% on an anhydrous basis.

model ages (Harrison 2009; O’Neil et al. 2012; Roth et al.
2014; O’Neil and Carlson 2017; Reimink et al. 2020). It is likely
that granite—greenstone and granulite—gneiss belts of Archean
cratons represent a glimpse into the formation of primitive
terrestrial crust or proto-continental crust (Smithies et al.
2005a; Van Kranendonk 2010; Thurston 2015; Bédard 2018).
Of the two belts, the granite—greenstone belts are probably
more widely known as they are a major source of gold and
record supracrustal rock sequences whereas the granulite—
gneiss belts record middle to lower crust metamorphic condi-
tions, but may have protoliths of rock sequences from the
upper to middle crust (Condie 1981).

The surface of Venus is broadly divided into low-lying (~
90%) volcanic plains (planitia) and that are dominated by vol-
canic features (e.g. shield volcanoes, pyroclastic flows, lava
channels) and highland (> 2 km) regions of older and
deformed tesserae terrain and mountain belts (Lancaster et al.
1995; Nimmo and McKenzie 1998; Herrick et al. 2005;
Smrekar et al. 2010; Airey et al. 2015; Ghail and Wilson 2015;
Gilmore and Head 2018; Giilcher et al. 2020). At first glance
the topography of Venus resembles the continental and ocean-
ic crust dichotomy of Earth where the tesserae represent ‘con-
tinental’ or sialic crust and the planitiac represent ‘oceanic’ or
simatic crust (Fig. 2). Crustal thickness estimates indicate that
the planitiae could be 10—20 km thick whereas the tesserae may
be up to ~ 65 km thick, although there are a number of differ-
ent estimates (Head 1990; Anderson and Smrekar 2006; James
et al. 2013; Harris and Bédard 2015). Near-infrared mapping
spectrometer data suggest the plains (low SiO,, high MgO,
high FeOt) and tesserae (high SiO,, low MgO, low FeOt) are
compositionally different (Hashimoto et al. 2008; Basilevsky et
al. 2012). The crustal thickness estimates of Venus are within

http://www.geosciencecanada.ca

the range of granite—greenstone belts (10-20 km) and gran-
ulite—gneiss belts (~ 40 km) and the surface chemical mapping
is consistent with the compositional differences between ter-
restrial continental and oceanic crust. The major elemental
composition of basalt measured at the Venera 14 landing site
is similar to olivine tholeiite of Archean greenstone belts and
the estimated composition of the rock at the Venera 8 landing
site is granodiorite or dacite and is geochemically similar to the
Archean calc-alkaline silicic rocks from greenstone belts
(Nikolayeva 1990; Shellnutt 2019). Moreover, visible and
infrared thermal imaging spectrometry (VIRTIS) of Alpha
Regio (tesserae) indicates the presence of low-Fe rocks sug-
gesting cither anorthositic cumulate rocks or plagioclase-rich
tonalite can satisfy the emissivity signature (Gilmore et al.
2015). Furthermore, modeling suggests it is possible that sur-
face water may have been present on Venus during the
Archean and only disappeared within the last billion years or
when the extreme CO, greenhouse developed (Way et al. 2016;
Khawja et al. 2020). Therefore, it is entirely possible that sedi-
mentary rocks were precipitated and deposited and hydrother-
mal metamorphism and mineralization occurred previously.
Coupled with the compressional mountain features of Ishtar
Terra and large volcanic rise of Beta Regio, it would appear
that Venus, in the absence of plate tectonics, may be a near
perfect analogue of pre-plate tectonics Earth (Harris and
Bédard 2014; Hansen 2018; Wyman 2018).

In spite of the possible similarities from a macro perspec-
tive, there is significant debate on the exact composition of the
tesserae, depositional processes, role of a hydrosphere, origin
of coronae, the mantle thermal regime, and the tectonic
regimes that were operating on ancient Earth and Venus.
Recent investigations suggest that the tesserae could be com-
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posed of mafic volcanic—sedimentary sequences rather than
intermediate to silicic rocks (Wroblewski et al. 2019; Byrne et
al. 2021). Silicic rocks and anorthosite have not been positively
identified and an argument can be made that the high U (2.2 +
0.7 ppm), Th (6.5 £ 2.2 ppm), and K,O (4.0 = 1.2 wt.%) con-
tents reported at the Venera 8 landing site could be lampro-
phyric (alkali basalt) rather than silicic (Basilevsky et al. 1992).
It is possible that Venus had a hydrosphere during the
Archean, but lithified sedimentary rocks (or their metamorphic
equivalents) derived by mechanical weathering (sandstone,
shale, greywacke, conglomerate) and chemical precipitation
(limestone, evaporites, banded iron formation) have not been
positively identified. The only possible evidence for the exis-
tence of S-rich evaporite rocks or material (gypsum, anhydrite,
kieserite) is the high SO; (4.7 = 1.5 wt.%) content measured at
the Vega 2 landing site but whether the sulphur is from a sul-
phide (§%) or sulphate (SO,*) is unknown. Given the possibility
of an ocean, it would be expected that volcanogenic massive
sulphide deposits would exist as shallow basaltic intrusions
provide the heat engine to drive the circulation of hydrother-
mal cells that can transport metals. Corona structures, a com-
mon volcanic feature of Venus, do not appear to have a terres-
trial analogue, although there are suggestions that a similar vol-
canic feature may exist (Lopez et al. 1997; Buchan and Ernst
2021). It is entirely possible that coronae existed on Earth and
were a feature of Archean oceanic crust but were subducted
prior to or during the Paleoproterozoic. The T, estimates and
the K/U and K/Th ratios indicate conditions, mantle compo-
sitions, and temperatures of cyclicity and decay similar to mod-
ern Earth (Taylor and Mclennan 1986; Lee et al. 2009; Gill-
mannn and Tackley 2014; Ogawa and Yanagisawa 2014; Rubie
et al. 2015; Weller and Duncan 2015; Shellnutt 2016; Walzer
and Hendel 2017). However, the identification of volcanic fea-
tures indicative of mantle plumes, plume swarms, and hotspot
regimes appears to suggest that, of all the uncertainties, this
could be the most similar to Archean Earth or a non-plate tec-
tonic regime (Herrick et al. 2005; Basilevksy and Head 2007,
Smrekar et al. 2010; Giilcher et al. 2020). Therefore, the tec-
tonic regimes of Venus and Earth may have been similar dur-
ing the carliest Archean, but diverged after the initiation of
plate tectonics.

The initiation of modern (Phanerozoic) terrestrial plate
tectonics is vociferously debated and there are advocates that
suggest it may have always operated or that it began at ~ 3.2
Ga, ~ 2.5 Ga, ~ 1.0 Ga, or ~ 0.8 Ga (Condie and Kroner 2008;
Stern 2008; Hamilton 2011, 2019; Dewey et al. 2021; Windley
et al. 2021). This is a key argument for the comparison of
Earth and Venus as it is clear that the two most recognizable
physiographical features (mid-ocean ridge, subduction zones)
attributed to plate tectonics are not present on Venus. The pre-
cise origin of granite—greenstone and granulite—gneiss belts is
still debated and there are compelling arguments for and
against the operation of plate tectonic-related processes in
their development (de Wit and Ashwal 1995; Anhacusser 2014;
Thurston 2015). Nevertheless, it is clear that the generation of
highly differentiated continental crust appears to have been
absent, very slow, or stunted on Venus.
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The continental crust represents ~ 41% of the Earth’s sur-
face area and ~ 0.7% of its volume. It has taken ~ 4.5 billion
years to create the volume of continental crust but the rate of
crustal growth across geological time is uncertain
(Hawkesworth et al. 2019, 2020). The end-member models of
crustal growth are rapid development followed by steady state,
continuous growth, and continuous but episodic growth. The
different models are illustrated in Figure 9. There are a number
of uncertainties in the models but perhaps the most significant
uncertainty is the timing of modern plate tectonics (Condie
2018; Windley et al. 2021). Assuming Venus was a perfect ana-
logue to Earth and everything is proportionate (i.e. thermal
structure, tectonic regimes) to the size difference of the plan-
ets then its surface should have a similar but lower absolute
area and volume of continental crust as the Earth today. Clear-
ly this is not the case as the tesserae, assuming they are similar
to continental crust, represent ~ 7.3% of the surface area and
0.1% of the volume (Ivanov and Head 2011; James et al.
2013). If the surface areas of tesserae and continental crust are
compared, then Venus developed only 17% of its total expect-
ed crust. If the volumes are compared then, depending on the
thickness of the smaller tesserae, the amount reaches up to
20% of the expected crust. According to different terrestrial
crustal growth models, the proportion of continental crust
equaling 17% to 20% corresponds to three different potential
age ranges (Fig. 9). The oldest age range is Hadean to
Eoarchean (4.4 Ga to 3.9 Ga), the middle age range is
Mesoarchean to Neoarchean (3.1 Ga to 2.7 Ga), and the
youngest range is Paleoproterozoic (2.4 Ga to 2.1 Ga). Thus, it
would seem that the geological processes of crustal evolution
on Venus either operate at a significantly slower pace than
Earth or they functionally stopped, possibly on or before the
Paleoproterozoic (i.e. 2 2.1 Ga).

Is Venus analogous to Archean Earth? The answer appears
to be maybe as there are some large scale motions and magma
fluxes capable of resurfacing the planet with lava and moving
small continental blocks that could be indicative of pre-plate
tectonics Earth. However, the level of understanding of the
crustal evolution of Venus is in its infancy and there is only a
limited understanding of a possible Venusian hydrosphere.
New geological observations and geochemical and isotopic
surface measurements are needed to robustly evaluate the pos-
sibility that Venus and Earth evolved along similar paths dur-
ing the Archean. Although it is possible that Venus and Early
Earth may bear some resemblance there are too many uncer-
tainties at the moment to provide a firm conclusion.

CONCLUSIONS

The basalt identified at the Venera 14 landing site is composi-
tionally similar to tholeiitic basalt of terrestrial Archean green-
stone belts. Primitive melt reconstruction (ultramafic) and
petrological modeling of Venusian basalt shows that most of
the tholeiitic and calc-alkaline volcanic (mafic, intermediate,
silicic) and plutonic (granite, anorthosite, cumulate-layered
mafic intrusions) rocks of a greenstone belt can be generated
by conventional physio-chemical processes acting on these
basaltic melts, such as low to medium (0.1 to 0.5 GPa) pressure
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Figure 9. Crustal growth curves showing the models that constrain the volume of
crust in the past independent of present day age distributions (Hurley and Rand
1969; Armstrong 1981; Taylor and McLennan 1985; Condie and Aster 2010;
Dhuime et al. 2012).

fractional crystallization (intermediate, silicic), mineral accu-
mulation (layered mafic intrusions, anorthosite), or high pres-
sure (= 0.5 GPa) partial melting (tonalite—trondhjemite—gran-
odiorite). The formation of clastic sedimentary rocks and
chemically precipitated sedimentary rocks on Venus is uncer-
tain and dependent on the existence of a paleohydrosphere.
Consequently, it is possible that the crust of Venus could have
produced the submarine igneous rock suites that typify terres-
trial Archean greenstone belts. Although the present-day tec-
tonic regimes of Venus and Farth are vastly different, it is pos-
sible that they were very similar until the moment that modern
plate tectonics began on Earth or ended on Venus.
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SUMMARY

Rocks in the Late Proterozoic Horsethief Creck Group at
Quartz Creek in British Columbia display rare ‘pinolitic’ tex-
tures resembling those described in some sparry magnesite
deposits elsewhere in the world. Elongated white magnesite
crystals up to 30 cm long occur in a contrasting, dark, fine-
grained matrix of dolomite, chlorite, organic material, clay
minerals and pyrite. The rocks are aesthetically appealing for
use in sculpture and as dimension stone. The term ‘pinolite’ is
derived from the superficial similarities between these unusual
textures and pinecones. Petrographic examination indicates
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that these textures formed when metasomatic fluids replaced
primary sedimentary dolomite with magnesite. Fluids moved
along fractures and bedding planes with repeated fracturing
yielding magnesite crystals oriented in opposite directions on
cither side of annealed fractures, and broken magnesite crys-
tals adjacent to later fractures. Magnesite contains dolomite
microinclusions and has elevated Ca contents that are consis-
tent with its formation by replacement of dolomite. Low con-
centrations of Cr, Ni, Co, Ti, Sr, and Ba in magnesite also
imply formation in a metasomatic rather than a sedimentary
environment. The rare earth element (REE) concentrations in
the Quartz Creck magnesite are higher than those in most
evaporitic magnesite and REE patterns lack the Ce and Eu
anomalies that characterize carbonate rocks from sedimentary
environments. Enrichment in light REE relative to heavy
REE, and the similarities between dolomite, chlorite, and mag-
nesite REE profiles, imply that metasomatic fluids modified
the original sedimentary geochemical signature of the dolo-
stones during formation of the pinolite rocks. A Late Ordovi-
cian to Early Silurian U-Pb age (433 + 12 Ma), for titanite in
the black matrix surrounding the sparry magnesite is younger
than the local host rocks, and also younger than the Mesopro-
terozoic to Middle Cambrian stratigraphic ages of the host
rocks for nearby magnesite deposits. The ca. 433 Ma titanite
overlaps the ages for numerous fault-associated diatremes and
volcaniclastic deposits in the area. Possibly the igneous activity
furnished heat for, and/or was the source for, metasomatic
fluids that produced the pinolite deposits.

RESUME

Les roches du groupe de Horsethief Creck de la fin du Pro-
térozoique a Quartz Creek en Colombie-Britannique présen-
tent des textures « pinolitiques » rares ressemblant a celles
décrites dans certains dépots de magnésite sparitique ailleurs
dans le monde. Des cristaux de magnésite blancs et allongés,
atteignant 30 cm de long, se trouvent dans une matrice a grains
fins, sombre et contrastante, et composée de dolomie, de chlo-
rite, de mati¢re organique, de minéraux argileux et de pyrite.
Les roches sont esthétiquement attrayantes pour un usage en
sculpture et en tant que pierre de taille. Le terme « pinolite » est
dérivé des similitudes superficielles entre ces textures inhab-
ituelles et les pommes de pin. L’examen pétrographique
indique que ces textures se sont formées lorsque les fluides
métasomatiques ont remplacé la dolomie sédimentaire pri-
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maire par de la magnésite. Les fluides se sont déplacés le long
des fractures et des plans de stratification présentant des frac-
turations répétées, produisant des cristaux de magnésite orien-
tés dans des directions opposées de chaque c6té des fractures
recuites, et des cristaux de magnésite brisés adjacents aux frac-
tures ultérieures. La magnésite contient des micro-inclusions
de dolomie et a des teneurs élevées en Ca qui sont compatibles
avec sa formation par remplacement de la dolomie. De faibles
concentrations de Cr, Ni, Co, Ti, St et Ba dans la magnésite
impliquent également la formation dans un environnement
métasomatique plutdt que sédimentaire. Les concentrations
d’éléments des terres rares (ETR) dans la magnésite de Quartz
Creek sont plus élevées que celles de la plupart des magnésites
¢évaporitiques ct les profils I’ETR ne présentent pas les anom-
alies en Ce et Eu qui caractérisent les roches carbonatées des
environnements sédimentaires. L’enrichissement en ETR
légers par rapport aux ETR lourds, et les similitudes entre les
profils des ETR de la dolomie, de la chlorite et de la magnésite,
impliquent que les fluides métasomatiques ont modifié la sig-
nature géochimique sédimentaire originale des dolomies lors
de la formation des pinolites. Un dge U-Pb de la fin de 'Ox-
dovicien au début du Silurien (433 £ 12 Ma), pour la titanite
dans la matrice noire entourant la magnésite sparitique, est plus
récent que celui des roches hotes locales, et également plus
récent que les ages stratigraphiques du Mésoprotérozoique au
Cambrien moyen des roches hotes des dépots de magnésite
voisins. La titanite d’environ 433 Ma chevauche les dges de
nombreux diatrémes et dépots volcanoclastiques associés a des
failles dans la région. Il est possible que P'activité ignée a fourni
la chaleur et/ou a été la source des fluides métasomatiques qui
ont produit les dépots de pinolites.

Traduit par la Traductrice

INTRODUCTION
Rocks exhibiting spectacular pinolitic textures were discovered
in 2018 by placer gold miners working at Quartz Creek in the
Northern Purcell Mountains, near Golden in southeastern
British Columbia (Fig. 1). The term ‘pinolite’ has been used for
rare, aesthetically pleasing textures resembling pinecones.
These textures are found in sparry magnesite deposits that are
generally hosted in metamorphosed Proterozoic and Paleozoic
sedimentary rocks (Pohl 1989; Pohl 2011, p. 336). Sparry mag-
nesite deposits are also informally referred to as Veitsch-type
magnesite deposits in reference to a former mine in Austria,
where magnesite forms stratiform lenses within marine plat-
form sedimentary rocks (Redlich 1909). Pinolitic textures
found in parts of these deposits typically consist of elongated
white magnesite crystals in a fine-grained dark matrix consist-
ing of chlorite, organic material, pyrite, talc and dolomite (Pohl
2011, p. 336). These textures have also been described from
Russia, Spain and elsewhere in Canada, primarily in operating
magnesite mines (Simandl and Hancock 1991; Lugli et al. 2000;
Krupenin and Ellmies 2001; Krupenin 2005; Kilias et al. 2006;
Azim Zadeh et al. 2015; Paradis and Simandl 2018).

The pinolite rocks at Quartz Creck are hosted by Neopro-
terozoic carbonate rocks of the Horsethief Creek Group (Fig,
1). Pinolitic textures have also been reported at Mount Brus-
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Figure 1. Geological map of the area surrounding the Quartz Creek pinolite quar-
ry. Quarry location and the sampling site are shown. The index map shows location
of the study area and selected magnesite deposits in southeastern British
Columbia. Map redrafted using geological data from MapPlace
[https://www2.gov.bc.ca/gov/content/industry/mineral-exploration-
mining/british-columbia-geological-survey/mapplace].

silof Mine, a magnesite deposit located approximately 130
kilometres southeast of the study area (Fig. 1 inset). At Mount
Brussilof, they are interpreted as diagenetic or metasomatic
replacement textures (Simandl and Hancock 1991; Paradis and
Simandl 2018). Other significant sparry magnesite occurrences
in southeastern British Columbia include the Marysville,
Brisco and Driftwood Creek deposits (Fig. 1; Hancock and
Simandl 1992; Simandl and Hancock 1992, 1999). However,
these do not necessarily contain widely developed pinolite tex-
tures.

The genesis of sparry magnesite deposits and pinolite has
been debated at length, and the two principal hypotheses pro-
pose syngenetic and epigenetic origins, respectively (e.g
Simandl and Hancock 1999; Marshall et al. 2004). Studies in
support of a syngenetic origin suggest that magnesite was
deposited under evaporitic conditions or during diagenetic
recrystallization of a magnesite protolith deposited as a chem-
ical precipitate in marine or lacustrine settings (Pohl 1990). In
contrast, the epigenetic hypothesis invokes hydrothermal
metasomatic replacement of dolomitized, permeable carbon-
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ates by magnesite. Metasomatic hydrothermal models involv-
ing Mg-rich fluids have been suggested for sparry magnesite
deposits in Spain and Austria (Pohl and Siegl 1986; Nesbitt and
Prochaska 1998; Kilias et al. 2006; Azim Zadeh et al. 2015) as
well as in Canada (Simandl and Hancock 1991, 1992, 1999;
Hancock and Simandl 1992; Simandl et al. 1992). This paper
represents a contribution to the debate surrounding the origins
of such textures.

The Quartz Creek pinolite rocks discussed here are of eco-
nomic interest. Their exceptional and aesthetically pleasing
textures (Fig. 2) make them valuable for carving and dimension
stone and led to the establishment of the first pinolite quarry
in North America. The Quartz Creek site is also of interest in
the context of the debate concerning the origin(s) of pinolite
textures and associated magnesite deposits. The research sum-
marized in this paper was completed as part of a thesis project
by the senior author, focused on optical and scanning electron
microscopy and major and trace element analysis of whole-
rock samples and constituent minerals. Electron microprobe
(EMPA) analysis and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) trace element analysis were
used to determine mineral compositions. We also report a U—
Pb titanite age, obtained using LA-ICP-MS methods, that
probably pinpoints the timing of pinolite formation. The
study compares the data from Quartz Creek with results for
other sparry magnesite deposits including local deposits which
exhibit similar pinolite textures (Simandl and Hancock 1991).
Our research is limited to a small number of analyses and a
single U-Pb age; more work is required to substantiate and
extend its findings. Nevertheless, the results are interesting,
and provide new information about an unusual semi-precious
stone that may have wider importance in British Columbia.
Although the Quartz Creek pinolite quarry is not associated
with a sparry magnesite deposit exploited for magnesium,
understanding its origins may provide useful insight into the
genesis of such deposits.

GEOLOGICAL SETTING AND SAMPLE COLLECTION
Based on geological mapping by Poulton and Simony (1980),
the Quartz Creek pinolite quarry is hosted in the Neoprotero-
zoic Horsethief Creek Group but its precise stratigraphic posi-
tion within the group is unclear. The following summary of
regional geology applies to Figure 1 and the surrounding area.
The Quartz Creck pinolite rocks occur in the Dogtooth
Range, the most northern subrange of the Purcell Mountains,
and within the Horsethief Creek Group, which is in turn a
subdivision of the Neoproterozoic Windermere Supergroup.
The regional geology was documented by Wheeler and Fox
(1962) and Kubli (1990) and the stratigraphy and sedimentol-
ogy of the Horsethief Creek Group was studied by Poulton
(1973) with most emphasis on the upper unit of carbonate
rocks. The Dogtooth Range appears to have a relatively simple
deformation history consisting of a single, extended phase of
northeastward-directed compression under low grade, green-
schist facies metamorphism (Kubli 1990). The rocks of the
Horsethief Creek Group are cut by several north-easterly-
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directed thrust faults (Poulton 1973), and the pinolite locality
sits within a structural subdivision termed the Quartz Creck
thrust sheet (Fig. 1). The term ‘slate’ is commonly used for
argillitic rocks interpreted to be derived from shales, and the
term ‘grit’ is used for coarse sandstones to fine pebble con-
glomerates (Poulton and Simony 1980).

Available mapping does not distinguish formal units within
the Horsethief Creek Group but its overall stratigraphy is
known in general terms (Kubli 1990). These sedimentary rocks
transition upward over ~3000 m from beds dominated by
slates (Basal Pelite), coarse sandstones and slate (Lower Grit),
into a carbonate-bearing unit (Baird Brook unit, up to 140 m
thick), followed by another siliciclastic unit (Upper Grit), a
slate unit (Slate Division) and a thick limestone and dolostone
unit (Carbonate Division, up to 390 m thick). The top of the
Horsethief Creek Group section is defined by another silici-
clastic unit up to 230 m thick (Kubli 1990). The stratigraphic
position of the carbonate rocks that host the pinolite at Quartz
Creek is uncertain; they could be part of the Baird Brook unit
or the upper Carbonate Division. The Baird Brook unit is
dominated by slate and limestone interpreted to have formed
during sea-level rise associated with a reduction in the supply
of coarse clastic detritus (Kubli 1990). There is no previous
record of magnesite or pinolitic textures in the area, but a mas-
sive dolostone unit in the Carbonate Division was documented
by Poulton and Simony (1980). The only clear stratigraphic or
structural constraint on the timing of pinolite texture forma-
tion is given by the Neoproterozoic age of the Horsethief
Creek Group, which provides an upper limit.

Rocks that display well-developed pinolitic textured rocks
form weathered outcrops, and occur as relatively unweathered
boulders, in steep scree slopes on the east side of Quartz
Creek approximately 25 km northwest of Golden (Fig. 1).
Numerous specimens were collected from the quarry site,
which is located at 117°16°42.25” W and 51°23°7.43” N. Five
samples, representing end-member variations in texture, were
selected for detailed study. Specimens PIN 1 and 2 are from
outcrop at the quarry site whereas PIN 3, 4 and 5 are locally
derived boulders showing textures that are not represented in
the more limited outcrop at the site.

ANALYTICAL METHODS

Full details of analytical procedures are given in Appendix A
(see Geoscience Canada data repository). Polished thin sec-
tions were examined using a petrographic microscope, mineral
identifications were confirmed by SEM EDS (Scanning Elec-
tron Microscope, Energy Dispersive Spectrometry) and analy-
ses and textures were documented with back-scattered elec-
tron (BSE) images. The whole-rock samples were analyzed for
major and trace elements at ACME Analytical Laboratories,
Vancouver, by ICP-ES (Inductively Coupled Plasma - Emis-
sion Spectroscopy) and ICP-MS (Mass Spectrometry), respec-
tively. All SEM work and all mineral analyses were performed
at the Fipke Laboratory for Trace Element Research (FiLTER)
of the University of British Columbia, Okanagan campus.
Major element mineral analyses were performed by Electron

https://doi.org/10.12789/geocani.2021.48.177
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Figure 2. Photographs of pinolite from Canadian Pinolite’s Quartz Creek quarry. A) large dimension-stone slab ~120 c¢m tall, exhibiting light-colored magnesite crystals up
to ~ 30 cm long radiating toward the centre of the slab from two irregular, subhorizontal fractures in the upper and lower third of the rock. Black material in the fractures,
and between magnesite crystals is interpreted as relict host rock. Photograph courtesy of Ian Burak. B) Bird sculpture (~ 35 cm tall) carved from pinolite. Yellow areas reflect
oxidation due to incipient weathering, Sculpture and photograph by Deborah Wilson (Vernon, BC); photograph from lan Burak who owns the image and the sculpture. C)
Photograph showing a ~ 50 cm-wide dimension-stone slice through a pinolite rock with typical, radiating, sparry magnesite crystals surrounded by darker matrix rock. D)
Assorted slices through sample PIN 1 showing magnesite with a radiating texture. The photograph also shows the colour contrast between magnesite crystals and dark matrix
material. Together, the radiating texture and colour contrast create an unusual, aesthetically-pleasing rock that is in demand from sculptors and for dimension stone. E) Close-
up photograph of a slice through sample PIN 2 showing a quartz vein cutting the rock. F) Pinolite sample PIN 5 showing pinolite texture. Magnesite grains are sepatrated by
a thin dark matrix. G) Pinolite sample PIN 4 showing magnesite crystals growing up (in the photograph) from a fracture (F1) along which the sample was broken in freeing
it from the outcrop. In the centre of the rock and fracture system there is a faint line (F2) where crystals apparently grew both up and down and away from the poorly-defined
fracture. The rock underwent another episode of fracturing (F3) that terminates crystals previously grown from F1 and F2, but the dark country rock forming the matrix in
this fracture shows no preferential tendency to break at the matrix-magnesite boundaries, suggesting annealing after F3. Many of the magnesite crystals have a feather-like
appearance with a line of dark inclusions parallel to the long axes of the crystals. Faint orange coloration reflects minor, incipient weathering at the outcrop surface.

‘*/ http://www.geosciencecanada.ca
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Microprobe Analysis (EMPA) and mineral trace element analy-
ses by laser-ablation (LA-ICP-MS). The U-Pb dating of titan-
ite in sample PIN 4 used 7n-sitn LA-ICP-MS.

RESULTS

Petrography and Mineralogy

Specimens PIN 1 to 5 were selected for detailed petrographic
and geochemical analysis because they represent the wide
range of textures present at Quartz Creek, and all exhibit typ-
ical pinolitic textures where large light-coloured crystals of
magnesite occur in a dark matrix (Fig. 2). These magnesite
crystals are elongate (prismatic or scalenohedral; length/width
ratios of 2 to 4), typically exhibit a black band of inclusions
parallel to their long axes and are generally separated from one
another by thin (mm — cm) irregular patches of dark matrix.
The large magnesite crystals are the dominant component of
all samples examined in detail, as illustrated in Figure 2. The
maximum size of magnesite crystals (long dimension) varies
from about 1 cm in sample PIN 3 to 4.4 cm in sample PIN 1.
All samples, excluding PIN 3, are illustrated in Figure 2 (see
panels D, F and G). Locally, magnesite crystals reach lengths of
30 cm, as shown in a large display sample (Fig. 2A). Crystal
sizes can also vary over short distances, as shown in the bird
sculpture (Fig. 2B). Specimen PIN 1 (Fig. 2D) contains radiat-
ing rosettes of magnesite crystals but in others the crystals
appear to be randomly oriented (Fig. 2F). Specimen PIN 2
contains a quartz vein ~ 1 cm wide, cutting through magnesite
crystals (Fig. 2E). Some magnesite crystals appear to have
nucleated on the walls of fractures and to have grown away
from the fracture centre. The fractures and fracture systems
are cm to tens of cm wide and underwent multiple episodes of
brittle opening that broke apart the earliest-formed magnesite
crystals (Fig. 2A, 2G). Black relict wall rock forms the dark
material in fractures and wraps around the magnesite crystals
but remains strongly adhered to them, making the material
coherent for cutting and polishing. Weathering close to
exposed rock surfaces produces yellow to orange and locally
brown discolouration, as shown by several samples illustrated
in Figure 2.

Back-scattered electron microscope images (Fig. 3) reveal
that dolomite is more abundant than originally estimated from
macroscopic examination. Dolomite forms cm-sized idiomor-
phic crystals associated with anhedral sparry magnesite (Fig;
3A) but also occurs as microinclusions (< 10 pm to 200 um)
within magnesite (Fig. 3B) and as larger multigrain masses
included in magnesite (Fig. 3C). The dark matrix consists of

Figure 3. (spposite) Back-scattered electron (BSE) images showing dolomite (Dol;
light grey), magnesite (Mag; dark grey) and chlorite (Chl). A, B) Images from sample
PIN 4 in which accessory minerals including zircon, apatite, titanite, rutile and Fe-
Ti oxides are bright white (labelled Acc) and small black patches and irregular lines
are graphite (Gra). Relict dolomite patches and microinclusions occur in the mag-
nesite, and idiomotphic (recrystallized?) dolomite is locally riddled with magnesite.
A rounded (detrital?) 50 um zircon occurs in the centre of image B. C) Back-scat-
tered electron (BSE) image of sample PIN 5 showing chlorite (Chl) within dolomite
(Dol). A magnesite (Mag) grain and apatite crystals (white grains) occur within chlo-
rite and a large apatite grain (Ap) occurs in dolomite.
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fine-grained dolomite, minor magnesite (< 10%), Mg-chlorite
(< 10%), calcite, quartz, and several other accessory minerals
(Fig. 3A). The Mg-chlorite was identified as clinochlore, and
locally forms sinuous masses bearing various accessory miner-
als, idiomorphic magnesite inclusions and elongate carbona-
ceous inclusions oriented parallel to cleavage (Fig. 3C). The
carbonaceous material also forms < 0.2 mm wide stringers
that wrap around magnesite and dolomite grains and also
occur within grains (Fig. 3A). The carbonaceous material most
likely consists of graphite considering the regional greenschist
facies metamorphism reported by Kubli (1990). Non-carbon-
ate accessory minerals make up < 10% of the samples and
include rutile, apatite, pyrite, zircon, titanite, micas (paragonite
and muscovite), iron oxides and clay minerals. Rounded to
irregular, small (< 60 pm) fluorapatite grains are scattered
within magnesite, chlorite, and dolomite grains (Fig. 3C).
These accessory minerals, including the titanite used for dat-
ing, are most abundant in the black matrix material, between
larger magnesite and dolomite crystals and are typically con-
centrated in narrow bands that have a thin (< 1 mm) linear
array of magnesite grains in the centre (Fig. 3A). Zircon grains
in the matrix show variable sizes (30 pm — 100 um), are very
diverse in shape (angular to well-rounded) and exhibit varied
internal textures (Fig. 3B).

Whole Rock and Mineral Geochemistry

Whole rock major and trace element contents of the pinolite
specimens are highly variable (Table 1; Fig. 4). For example,
MgO varies from 18.2 to 37.8 wt. % and Sr varies from 27 to
180 ppm. MgO shows a negative correlation with CaO and St,
and a positive correlation with Fe,Os, but has no clear relation-
ship with SiO,, AL,O; or trace elements (e.g. Zr and Y). The
interpretation of geochemical patterns is hampered by the
small number of samples that were analyzed and a larger
dataset might reveal more coherent patterns.

Analyses of the dominant minerals (Table 2) show that
chlorite and magnesite have the highest FeO contents, as
would be expected. The high CaO and Sr contents of dolomite
are also predictable, but this mineral also seems to have high Y
and REE compared to magnesite and chlorite (Table 2).
Enrichment in High Field Strength Elements (HFSE: Zr, Hf,
U, Th) is seen in chlorite. A primitive-mantle-normalized spi-
der diagram for whole rock analyses (Fig. 5A) displays strong
negative Ti anomalies and positive Th and U anomalies. These
profiles are compared to those of average shale, which shows
higher normalized concentrations for most elements (Fig, 5A).
The normalized profiles for the Quartz Creek samples atre
somewhat more jagged than those of average shale, with
prominent positive Th, U, Sr, Sm and Eu anomalies and nega-
tive Ba, Nb, K, Zr, Hf and Ti anomalies (Fig. 5A). A similar
primitive-mantle-normalized spider diagram for average min-
eral analyses (Fig. 5B; average of data in Table 2) shows that
chlorite is depleted in most elements, but has positive Zr, Hf,
Sr and U anomalies. Dolomite shows negative Ba and positive
Eu, Sm and Sr anomalies. Note that both magnesite and
dolomite have Ti concentrations below the detection limit, so
values for this element cannot be represented. The trace ele-
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Table 1. Whole rock major and trace element compositions of
pinolite samples.

Element PIN1 PIN2 PIN3 PIN4 PINS5 DL
Si0, 455  14.52 3.30 8.68 9.39 0.01
TiO, 0.03 0.01 0.02 0.06 0.02 0.01
ALO; 0.96 0.28 0.51 1.16 0.29 0.01
Fe,O, 0.93 0.88 1.39 1.96 0.77 0.01
MnO 0.02 0.02 0.03 0.03 0.02 0.01
MgO 21.23 1823  30.79  37.77  20.23 0.01
CaO 26.56 2497  16.05 339  25.65 0.01
Na,O 0.12 0.03 <DL 0.15 <DL 0.01
K,0 0.06 0.03 <DL 0.09 0.01 0.01
P,Os4 0.03 <DL 0.03 0.03 0.02 0.01
LOI 4510  40.70 4740  46.10  43.30

Sum 99.59  99.67  99.52  99.40  99.70

Tot C 1276 11.59 6.80 1296  11.90 0.02
Rb 2.80 1.20 <DL 335 <DL 0.10
Cs 0.10 <DL <DL 020 <DL 0.10
Sr 103 166 90.0 26.6 181 0.50
Ba 4.00 4.00 4.00 5.50 3.00 1.00
Zr 10.5 19.9 5.30 69.6 12.5 0.10
Hf 0.30 0.50 0.20 1.75 0.30 0.10
Nb 0.90 1.10 0.70 2.20 0.20 0.10
Th 0.70 0.60 0.50 2.25 0.70 0.20
U 0.80 0.20 0.50 0.65 0.40 0.10
La 3.60 2.20 1.50 2.00 2.90 0.10
Ce 5.80 5.20 3.90 4.25 6.30 0.10
Pr 0.89 0.83 0.73 0.83 1.00 0.02
Nd 5.10 5.20 4.40 5.80 5.30 0.30
Sm 2.63 3.87 1.04 3.38 1.64 0.05
Eu 0.91 1.27 0.45 1.07 0.59 0.02
Gd 2.39 5.07 0.98 3.24 1.38 0.05
Tb 0.24 0.04 0.18 0.33 0.16 0.01
Dy 0.87 2.71 0.49 1.37 0.71 0.05
Ho 0.15 0.45 0.14 0.22 0.13 0.02
Er 0.34 0.91 0.22 0.53 0.37 0.03
Tm 0.04 0.10 0.09 0.07 0.05 0.01
Yb 0.26 0.57 0.18 0.45 0.25 0.05
Lu 0.04 0.07 0.07 0.07 0.04 0.01
Y 470  13.00 4.40 6.70 4.30 0.10
Ga 070 <DL <DL 0.70 <DL 0.50
Ni 2.60 0.80 1.70 3.40 0.40 0.10
Co 3.70 0.30 2.30 220 <DL 0.20
Cu 3.50 0.80 2.85 1.30 1.20 0.10
Pb 1.70 0.60 0.80 0.90 0.20 0.10
As 2770 <DL 1.40 450 <DL 0.50
W 40.4 1.80 0.70 3.00 1.00 0.50
Sb 0.20 <DL 020 <DL <DL 0.10

Notes: Major element oxides in wt. %. Total Fe as Fe,Os.

Sum = Sum of oxides + LOI (Loss on Ignition).

Tot C = Total carbon in Wt. %. Trace elements in ppm.

DI.= Detection Limit; <DL indicates results below Detection Limits.
PIN4 = average of 2 replicate analyses for most elements.

PIN5 = average of 2 replicate analyses for Cu, Pb, Ni, As, Sb.

For details of accuracy and precision, see analytical methods.

ment pattern for magnesite resembles that for dolomite in
most respects, but magnesite tends to have lower normalized
concentrations for most of the analyzed elements.
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Figure 4. Relationship between MgO wt. % and major element oxides and trace elements for whole rock analyses of Quartz Creek Pinolite rocks.
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Table 2. Mineral compositions for magnesite, dolomite and chlorite, determined by electron microprobe as major element oxides
(wt.%) and by LA ICP-MS as trace elements (ppm).

Analysis M-1 M-2 M-3 D-1 D-2 D-3 C1 C-2 C-3 DL
Specimen  PIN 3 PIN 3 PIN 3 PIN 3 PIN 3 PIN 3 PIN 5 PIN 5 PIN 5

S10, <DL 0.01 <DL <DL <DL <DL 30.49 30.6 30.28 0.01
TiO, <DL <DL <DL <DL <DL <DL 0.02 0.02 0.01 0.01
ALO, <DL <DL <DL <DL <DL <DL 21.33 20.5 20.92 0.01
FeO 1.48 2.51 1.40 0.49 0.58 0.51 1.60 1.92 1.54 0.01
MnO <DL 0.05 0.03 0.03 0.03 0.01 <DL 0.01 0.01 0.01
MgO 48.46 50.5 49.17 24.3 24.7 25.63 35.15 34.65 32.28 0.01
CaO 0.86 0.10 0.71 32.64 33.63 33.73 0.02 0.03 0.05 0.01
Na,O 0.01 0.02 0.02 0.02 <DL <DL 0.06 0.05 0.07 0.01
K,O <DL 0.01 <DL <DL <DL <DL 0.08 0.04 0.05 0.01
P,O; <DL <DL <DL 0.03 0.03 0.01 0.03 0.03 0.05 0.01
F <DL <DL <DL <DL <DL <DL 0.70 0.74 0.76 0.01
Cl <DL <DL <DL <DL <DL <DL 0.03 0.07 0.11 0.01
Total 50.81 53.19 51.34 57.5 58.97 59.89 89.50 88.63 86.13

Sc 1.09 0.53 0.66 1.74 1.03 0.29 0.27 0.52 1.55 0.18
\% 4.03 3.48 4.05 5.74 4.21 1.6 474 51.8 78.7 0.05
Cr <DL <DL <DL <DL <DL <DL 67.2 87.7 77.7 1.71
Co 1.82 0.04 0.04 0.2 <DL <DL 0.66 1.71 2.77 0.03
Ni 1.20 <DL <DL <DL <DL <DL 24.3 28.6 32.8 0.97
Cu 1.07 <DL <DL <DL <DL <DL 28.5 2.02 5.32 0.50
Zn 3.66 2.36 3.62 2.26 2.02 1.41 12.3 9.89 13.7 1.24
As 1.49 <DL <DL 1.30 <DL <DL 2.16 2.59 17.3 0.88
Rb 0.64 <DL <DL 0.17 <DL <DL 0.27 0.14 0.65 0.05
Sr 19.2 1.43 2.67 143 153 89.7 13.8 9.11 123 0.05
Y 3.75 3.87 4.37 19.4 17.4 2.82 2.20 2.44 7.67 0.02
Zr 4.26 1.28 0.20 0.22 <DL <DL 38.9 119 169 0.03
Nb 0.32 <DL <DL 0.19 <DL <DL 5.75 0.01 5.05 0.01
Sb 0.45 <DL <DL 0.27 <DL <DL <DL 0.43 443 0.13
Ba 1.55 0.20 0.68 0.35 0.19 0.01 1.72 20.2 36.9 1.09
La 0.86 0.62 0.77 5.11 4.65 0.50 0.52 0.22 0.62 0.04
Ce 3.66 3.59 4.2 18.2 16.7 1.94 2.26 1.1 1.46 0.05
Pr 0.94 0.73 0.8 3.5 3.06 0.37 0.36 0.13 0.27 0.04
Nd 4.00 4.71 5.13 20.8 19.0 2.50 2.35 0.92 1.73 0.50
Sm 1.83 1.52 1.67 9.29 8.65 1.25 0.95 0.40 0.75 0.07
Eu 0.92 0.69 0.72 3.61 2.85 0.40 0.27 0.11 0.21 0.03
Gd 1.27 1.19 1.06 8.96 7.72 1.20 0.78 0.43 0.59 0.04
Tb 0.38 0.09 0.10 1.03 0.71 0.11 0.06 0.03 0.03
Dy 0.83 0.53 0.55 3.74 3.20 0.60 0.37 0.39 0.89 0.03
Ho 0.44 0.09 0.11 0.79 0.55 0.09 0.09 0.06 0.19 0.03
Er 0.61 0.31 0.36 1.63 1.22 0.19 0.21 0.3 0.87 0.03
Tm 0.35 <DL 0.03 0.36 0.15 0.03 0.02 0.03 0.14 0.02
Yb 0.55 0.25 0.26 1.15 0.90 0.13 0.18 0.34 0.91 0.04
Lu 0.34 <DL <DL 0.31 0.12 <DL 0.03 0.04 0.12 0.02
Hf 0.39 <DL <DL 0.18 <DL <DL 0.89 3.24 4.49 0.03
Ta 0.32 <DL <DL 0.19 <DL <DL 0.37 0.02 0.18 0.03
Pb 0.58 <DL <DL 0.28 <DL <DL 0.21 1.02 3.14 0.11
Th 0.53 0.06 0.06 0.35 0.10 0.03 2.83 6.48 6.94 0.01
U 0.70 0.08 0.03 0.26 <DL <DL 3.45 5.78 7.29 0.01

Notes: Major element concentrations in oxide wt. % with all Fe as FeO. Trace elements in ppm.

EMPA = electron microprobe analysis; DL = Average detection limit. < DL is below Detection Limit.
For details of precision and accuracy, see analytical methods.
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Figure 5. Primitive-mantle-normalized spider diagrams. A) Whole rock analyses
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(1984). B) average mineral analyses by LA ICP-MS (data in Table 2). Elements miss-
ing in part B patterns were below detection limit in one or more of the analyses and
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Sun (1995).

Rare Earth Elements

Rare Earth Element (REE) concentrations from whole rock
and mineral analyses are listed in Table 1 and Table 2, respec-
tively. Specimens are characterized by low total REE concen-
trations, ranging from 14 to 29 ppm in whole rock analyses.
The total REE content of individual minerals tends to be
higher for dolomite (9—78 ppm) than for magnesite (14—17
ppm; Table 3). Normalized to chondritic REE abundances,
both whole-rock and mineral data show enrichment in light
REE relative to heavy REE (Table 3). The chondrite-normal-
ized REE patterns for whole-rock analyses and those from
individual minerals (magnesite, dolomite and chlorite) show
similar convex-upward patterns that have peak abundances at
Sm and Eu (Fig. 6). In this respect, the REE patterns for
whole-rock samples from Quartz Creek (Fig. 6A) contrast with
the REE pattern for the North American Shale Composite,
which is relatively enriched in light and heavy REE and deplet-
ed in the middle REE.

The shapes of average dolomite, magnesite and chlorite
REE patterns are similar (Fig. 6B). The data in Table 3 and
Figure 6 do not reveal any significant positive or negative
anomalies for Ce or Eu. Magnesite analyses indicate a small
positive Eu anomaly (Eu/Eu*) but thete is no consistent pat-
tern for Ce/Ce* values (Table 3). This is interesting because
prominent Ce or Eu anomalies are commonly seen in carbon-
ate rocks and have been used to infer the origins of some mag-
nesite deposits (e.g. Bau and Méller 1992).
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Figure 6. A) Chondrite-normalized REE patterns for whole rock pinolite analyses
(Table 1) and North American Shale Composite (Gromet et al. 1984). B) Chondrite
normalized REE patterns for averages of LA-ICP-MS mineral analyses in Table 2.
Missing points reflect that one or more analyses were below the detection limit and
the average not plotted. Chondrite normalizing values from McDonough and Sun

(1995).

Titanite Dating

U-Pb Titanite dating was performed on sample PIN 4, using
24 spot analyses distributed across 17 individual grains; results
for unknowns and standards are listed in Table 4. The analyzed
titanite grains showed consistent textural features suggesting
that they represent a single generation, and all are associated
with magnesite. The analyses show varying degrees of com-
mon Pb incorporation in Tera-Wasserburg concordia space
(Table 4; Fig, 7A). A subset of 18 analyses defines an isochron
with a U /*Pb intercept of 433 = 12 Ma (2SE; s = 0.63) with
a “"Pb/*Pb intercept of 0.83 using the robust regression
method of Powell et al. (2020). The isochron age overlaps with
a *"Pb-corrected *Pb/*U weighted mean age (following
Stacey and Kramers 1975) defined by 11 of the 24 analyses.
This second method indicates a slightly older age of 442 + 10
(MSWD = 3.6), shown in Figure 7B. The overlapping ages
indicate that titanite formed in Late Ordovician—Early Silurian
times. In the discussion that follows, we suggest that this age
also represents the timing of metasomatism that resulted in
the formation of pinolite textures.

DISCUSSION

Texture and Mineralogy

Pinolitic textures, such as those observed in magnesite
deposits in Austria and Spain, have been interpreted as replace-
ment features produced by Mg-rich hydrothermal fluids

https://doi.org/10.12789/geocani.2021.48.177
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Table 3. Rare earth element ratios and total REE for whole
rock analyses and mineral analyses by LA-ICP-MS.

Total  Total Total LREE/
Specimen Ce/Ce* Eu/Eu* REE LREE HREE HREE(N)

PIN 1 1.15 1.09  23.26 18.02 5.24 6.48
PIN 2 1.21 0.87  29.09 17.3 11.79 2.33
PIN 3 0.99 117 1434 11.57 2.77 4.67
PIN 4 1.17 0.97  23.59 16.26 7.33 2.76
PIN 5 1.03 1.16  20.82 17.14 3.68 591
M-1 0.51 1.74 17 11.3 5.7 0.93
M-2 0.96 1.52 1432 11.17 3.15 8.15
M-3 1.03 1.55 15.78 12.57 3.21 6.05
D-1 0.95 1.19  78.48 56.9 21.58 3.2
D-2 1.05 1.04  069.51 52.09 17.42 5.28
D-3 1.09 0.99 9.32 6.56 2.76 4.69

Notes: Total REE in ppm. LREE = Light REE (La-Sm). HREE = Heavy REE
(Eu-Lu).

Eu/Eu* calculated after Tostevin et al. (2016) normalized to chondrite.

Ce/Ce* calculated after Lawrence et al. (2006) normalized to chondrite.
LREE/HREEN) calculated as (La + Pr + Nd) / (Er + Tm + Yb + Lu), normal-
ized to chondrite.

Magnesite and dolomite analyses from PIN 3.

(Simandl and Hancock 1991; Lugli et al. 2000; Azim Zadeh et
al. 2015). The pinolitic textures at Quartz Creek locally show
magnesite crystals with forms indicating growth in opposite
directions (termed ‘bipolar’ textures in some literature) across
relict fractures (Fig. 2), and the presence of broken crystals
suggests that fracture development and crystal growth were
closely linked in time. These and other textures shown in Fig-
ure 2 are remarkably similar to those described by Pohl and
Siegl (1986; their photos 4, 5 and 8; p. 228, 229 and 231,
respectively) from the Austrian and Spanish magnesite
deposits. The evidence for multiple fracturing and associated
growth episodes (Fig. 2A, 2G) is consistent with crystals
formed from the migration of metasomatizing fluids along
fractures and bedding surfaces.

There may be two or more generations of dolomite at
Quartz Creek. Anhedral, irregularly-shaped dolomite microin-
clusions within magnesite (Fig. 3B) are consistent with
dolomite as a precursor to magnesite formation. The microin-
clusions are interpreted as relict grains that result from incom-
plete dolomite replacement. Idiomorphic dolomite grains (Fig;
3A) probably formed later but it is not clear if they are earlier
than, later than or contemporaneous with the enclosing mag-
nesite. The relative time of formation or recrystallization of
polygrain masses of anhedral dolomite (Fig. 3C) is also unclear
and our dolomite analyses do not resolve different populations
of dolomite.

Textural observations at some magnesite deposits in British
Columbia have suggested a sedimentary and/or eatly diagenet-
ic origin for magnesite followed by diagenetic or metasomatic
replacement to form textures such as pinolite and sparry
dolomite (Simandl and Hancock 1991, 1999; Marshall et al.
2004; Paradis and Simandl 2018). The textures from the
Quartz Creek area may be similarly related to late hydrother-
mal replacement of dolomite, as suggested for the Mount
Brussilof deposit (Marshall et al. 2004). Although the Quartz
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Figure 7. A) Tera-Wasserburg concordia diagram of 7 situ titanite analyses from
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a plot of *"Pb-corrected *Pb/**U ages, in which 11 of 24 determinations define a
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Creek rocks and other deposits in British Columbia tend to be
associated with dolomitized carbonate host rocks, the possibil-
ity of an ecarly diagenetic origin for magnesite from
calcite/aragonite limestones is supported by the experiments
of Hobbs and Xu (2020). They argue that Veitsch-type magne-
site is associated with evaporative environments and their
experiments show that it might have formed from calcite
through temperature (< 40°C) and pH cycling characteristic of
evaporative/lagoon/playa environments.

The replacement of dolomite by magnesite proceeds
through the following reaction:

CaMg(COy), + 2H+ — MgCO; + Ca™ + H,CO; (Aharon
1988; Lugli et al. 2000)
This reaction releases Ca*", which if accumulated in substantial
amounts could reverse the reaction in favour of dolomite.
Therefore, calcium must be flushed out by fluids in order for
large quantities of magnesite to form (Lugli et al. 2000). This
may help to explain textures indicative of dolomite recrystal-
lization (Fig. 3A). Extensive recrystallization of dolomite is a
common characteristic of magnesite deposits considered to
have formed via metasomatic replacement processes (Aharon
1988; Lugli et al. 2000; Kilias et al. 2006).

The pinolite rocks at Quartz Creek appear to have formed
by processes similar to those that generated sparry magnesite
deposits in southeastern British Columbia and elsewhere.
Other minerals identified in the Quartz Creek specimens, such
as quartz and muscovite, along with accessory rutile, pyrite,
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Table 4. Geochronology and U-Pb isotopic data for Quartz Creek pinolite titanite. See text for discussion.

Approx. U
Analysis ppm U/Th *U/*Pb 2SE'% *Pb/*Pb 2SE % *Pb/*U 2SE% *Pb/**U 2SE % rho
T1-1C1 58 0.80 11.2 11.2 0.116 14.1 1.44 18 0.0897 11.2 0.62
T1-2 C1 7 0.34 11.2 6.5 0.218 14.7 2.69 16.1 0.0896 6.5 0.40
T1-3 C1 26 0.71 11.2 3.8 0.222 7.4 2.73 8.3 0.0893 3.8 0.46
T1-4 C1 48 0.57 11.7 6.3 0.184 8.8 2.17 10.8 0.0856 6.3 0.58
T2-1 C2 16 0.31 4.54 3.0 0.550 3.8 16.7 4.9 0.2201 3.0 0.62
T3-1C2 1 0.17 2.05 17.1 0.642 12.3 43.2 21.1 0.4885 17.1 0.81
T4-1 C2 113 1.20 11.3 4.1 0.227 5.2 2.77 0.6 0.0886 4.1 0.62
T4-2 C2 18 0.44 5.94 3.5 0.458 3.8 10.6 5.2 0.1685 3.5 0.68
T5-1C3 56 0.75 4.58 2.7 0.610 3.0 18.4 4.0 0.2186 2.7 0.67
T5-2 C3 53 0.77 4.66 2.5 0.588 1.9 17.4 3.2 0.2147 2.5 0.80
To6-1 C3 2 1.30 2.06 13.9 0.796 6.8 53.3 155 0.4860 13.9 0.90
T7-1 C4 4 0.25 5.80 7.9 0.508 8.9 12.1 11.9 0.1726 7.9 0.66
T8-1 C5 10 0.26 5.79 3.7 0.407 3.9 9.68 5.4 0.1727 3.7 0.68
T9-1 C5 7 0.23 10.9 9.4 0.285 14.5 3.61 17.3 0.0918 9.4 0.54
T10-1 Co6 17 0.14 5.73 3.7 0.206 9.5 4.96 10.2 0.1746 3.7 0.36
T10-2 Co6 13 0.19 5.77 5.7 0.238 6.4 5.68 8.6 0.1733 5.7 0.67
T10-3 C6 11 0.20 6.04 13.2 0.294 18.1 6.71 22.5 0.1655 13.2 0.59
T11-1 C7 18 0.42 6.12 15.3 0.519 6.1 11.7 16.5 0.1634 15.3 0.93
T11-2 C7 9 0.35 10.5 8.0 0.357 10.2 4.70 13.0 0.0955 8.0 0.62
T11-3 C7 141 0.66 11.2 6.3 0.244 5.8 3.01 8.5 0.0895 6.3 0.73
T11-4 C7 938 2.30 11.4 9.1 0.246 13.2 2.99 16.0 0.0880 9.1 0.57
T12-1 C8 5 0.15 3.06 15.8 0.658 6.8 29.7 17.2 0.3274 15.8 0.92
T13-1 C9 3 0.32 2.61 8.6 0.673 9.4 35.5 12.7 0.3830 8.6 0.68
T14-1 C9 11 0.56 11.0 7.7 0.446 7.0 5.56 10.4 0.0906 7.7 0.74

Table 4. (wntinued) Geochronology and U—Pb isotopic data for Quartz Creek pinolite titanite. See text for discussion.

207Pb/206Pb ZO7Pb/Z35U ZO()Pb/Z}SU ZOSPb/238U*
Analysis Date (Ma) 2SE ABS Date (Ma) 2SE ABS Date (Ma) 2SE ABS Date (Ma) 2SE ABS
T1-1C1 1900 530 904 230 554 64 515 61
T1-2C1 2970 490 1330 370 553 38 446 38
T1-3 C1 2990 240 1340 210 551 22 442 21
T1-4 C1 2690 290 1170 210 530 35 449 31
T2-1C2 4380 110 2920 610 1280 43 539 40
T3-1C2 4600 360 3850 2300 2560 520 916 330
T4-1 C2 3030 170 1350 170 547 23 435 20
T4-2 C2 4110 110 2490 450 1000 38 530 30
T5-1C3 4530 86 3010 560 1270 37 428 34
T5-2 C3 4480 56 2960 450 1250 35 460 23
T6-1 C3 4910 200 4060 2300 2550 420 206 210
T7-1 C4 4260 270 2610 900 1030 87 476 73
T8-1 C5 3930 120 2400 420 1030 41 612 32
T9-1 C5 3390 470 1550 490 566 55 410 50
T10-1 C6 2870 310 1810 410 1040 41 877 44
T10-2 C6 3100 200 1930 400 1030 64 831 55
T10-3 C6 3440 590 2070 930 987 140 725 120
T11-1 C7 4290 180 2580 1100 976 160 436 80
T11-2 C7 3740 320 1770 480 588 49 373 41
T11-3 C7 3150 190 1410 230 552 36 428 29
T11-4 C7 3160 430 1400 400 544 51 419 45
T12-1 C8 4640 200 3480 1800 1830 320 533 140
T13-1 C9 4670 270 3650 1700 2090 210 587 190
T14-1 C9 4070 210 1910 460 559 45 291 32

“"Pb-corrected following the method of Stacey and Kramers 1975

2SE = 2 standard error

Standards MMc and Fish gave weighted mean average ages of 528 + 5 Ma (n=8; MSWD=0.65) and 27.9 £ 1 Ma (n=8; MSWD=0.99), respectively; for other details, see ana-
lytical methods.
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apatite and zircon, are common relict minerals in many mag-
nesite deposits interpreted to have formed from Mg-rich
hydrothermal fluids (Kilias et al. 2006; Azim Zadeh et al
2015). A fluid inclusion study of the Mount Brussilof deposit
indicated temperatures between ~ 200 and 300°C at pressures
< 2.6 Kbar (Marshall et al. 2004). Thus, sparry magnesite is
apparently of hydrothermal origin but the dark matrix in the
Quartz Creek pinolite probably represents relict wall rock as it
contains carbonaceous material (graphiter) and zircon grains
interpreted to be of detrital origin. The classification of zircon
as detrital is based on large variations in the size and shape of
zircon grains, and also on the proportions and types of inclu-
sions (Fig, 3). Pyrite may also be detrital but could have formed
from reducing hydrothermal fluids (Prochaska 2016). In sum-
mary, the sparry magnesite textures appear to reflect metaso-
matic transformation of dolomite by Mg-rich hydrothermal
fluids, and the black matrix represents relict material from the
original sedimentary rocks, including some accessory mineral
populations.

Whole Rock and Mineral Compositions

Negative correlations of CaO and Sr with MgO and positive
correlations between Fe,O; and MgO in whole-rock analyses
(Fig. 4) largely reflect the composition and varying proportions
of magnesite, dolomite, and chlorite within the samples
although there may be some influence from the closed-sum
nature of these data. Given the small number of samples, it is
difficult to draw further conclusions.

Because dolomite abundances control whole-rock Ca con-
centrations, and St** substitutes for Ca®* in dolomite, the low
and high Sr content in PIN 4 and PIN 5 likely reflects con-
trasting proportions of dolomite in each sample. FeO varies
from 1.4 to 2.5 wt. % in mineral analyses of magnesite and
chlorite (Table 2), where Fe** substitutes for Mg*. The modal
abundances of magnesite are typically higher than those of
chlorite, so it is likely that magnesite controls whole-rock
Fe,O; concentration in sparry magnesite rocks (Moller 1989).
Whole rock Fe,O; varies from 0.77 to 1.96 wt. % (Table 1,
average 1.19) and these concentrations largely overlap those
for other magnesite-bearing rocks from southeastern British
Columbia discussed by Simandl (2002).

Whole-rock SiO, contents ate controlled by the abundance
of chlorite and quartz and the high SiO, concentrations in
PIN 2 (Table 1) reflect the presence of a quartz vein. Magne-
site and dolomite mineral analyses contain negligible Al O,
(Table 2) so whole-rock AL,O; concentrations (Table 1) may
reflect the abundances of chlorite and minor clay minerals.
The low contents of CaO (up to 0.86 wt. %; Table 2) in
Quartz Creek magnesite likely reflect microinclusions of
dolomite identified via petrographic studies. Azim Zadeh et al.
(2015) attributed elevated CaO (up to 1.32 wt. %) in EMPA
analyses of magnesite from the Hohentauern/Sunk spatry
magnesite deposit to microinclusions of dolomite and/or
redolomitization.

Comparisons with Other Pinolite and Magnesite Deposits
Magnesite and dolomite compositions from Quartz Creek and
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other sediment-hosted, metasomatic magnesite deposits host-
ing pinolite-textured rocks (Eugui and Rubian, Spain; Hohen-
tauern/Sunk, Austria) are compared in Table 5 (data from
Lugli et al. 2000; Kilias et al. 2006; Azim Zadeh et al. 2015).
Mean contents of MgO in magnesite and MgO and CaO in
dolomite at Quartz Creek tend to be slightly higher than for
the same minerals in these magnesite deposits, but the FeO
contents are similar (Table 5). Schroll (2002) determined that
magnesite associated with ultramafic rocks contains up to 5 wt.
% FeO, compared to only 1-2% FeO for magnesite derived
from a sedimentary protolith (Table 5). The low FeO contents
of magnesite from Quartz Creck and other deposits confirm
that they are likely of sedimentary origin, consistent with the
nature of their host rocks.

Trace Element Composition

Trace element (Ct, Ni, Co, Fe, Mn, Ba, Sr) concentrations in
magnesite can distinguish types of magnesite deposits (M6ller
1989; Azim Zadeh 2009) and have been used to discriminate
the sources of Mg”*. Figure 8 compares the concentrations of
most of these elements in Quartz Creek magnesite to the
mode and median values for magnesite reported by Azim
Zadeh (2009; see Fig. 8 caption for details). Magnesite that is
associated with ultramafic host rocks is typically enriched in
Cr, Ni, and Co, but lower concentrations of these elements
suggest formation by sedimentary processes or metasomatism
(Azim Zadeh 2009; Kuscu et al. 2017). Magnesite from Quartz
Creek shows very low concentrations of Cr, Ni, and Co and
some values are below detection limits. Compared to magne-
site from most environments, Ba and St are low in Quartz
Creek magnesite (Fig. 8). Low Sr and Ba concentrations in
magnesite are consistent with its formation in a metasomatic
environment because dissolution of primary/diagenetic
dolomite releases significant amounts of Ca as well as Sr and
Ba into fluids, and these elements are unlikely to replace Mg**
in magnesite (Méller 1989; Azim Zadeh 2009).

Rare Earth Elements

The REE are useful indicators of fluid composition and the
physio-chemical environment of mineral formation and can
be used to identify the origins of carbonate rocks and minerals
(Kiesl et al. 1990; Bau and Moller 1992). Rare earth element
enrichment in carbonate minerals can occur by interaction
with pore waters, from which REE are typically incorporated
into the carbonate crystal lattice by substituting for Ca*" and
Mg**. They can also occupy lattice positions which are free due
to structural defects and in some cases form separate REE car-
bonate minerals (Qing and Mountjoy 1994; Bau and Alexander
20006). Whole-rock (carbonate) REE signatures can be over-
printed by interaction with fluids and can be difficult to inter-
pret due to the presence of other minerals such as Fe-oxides,
clay minerals, quartz and sulphides (Frimmel 2009; Zhang et al.
2014). The whole-rock REE patterns displayed by the Quartz
Creek pinolite rocks differ significantly from the North Amer-
ica Shale Composite pattern and have convex-upward shapes
with a modest peak at Sm and Eu (Fig. 6A). Previous studies
on the formation of dolomite attributed high Sm,/Yby to
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Table 5. Mean MgO, CaO and FeO composition of dolomite and magnesite from Quartz Creek and other sparry magnesite

2021

deposits.

Deposit Magnesite Dolomite
MgO CaO FeO MgO CaO FeO
Quartz Creek, Canada Mean 49.38 0.56 1.80 24.88 33.33 0.53
SD 1.04 0.40 0.62 0.68 0.60 0.05
n 3 3 3 3 3 3
Rubian, Spain Mean 47.8 0.41 1.16 22.7 26.6 0.42
SD 1.4 0.25 0.63 1.8 1.6 0.11
n 36 36 36 11 11 11
Eugui, Spain Mean 45.8 0.41 1.82 213 30.2 1.04
SD 1.4 0.26 1.91 1.6 0.5 1.1
n 78 78 78 77 77 77
Hohentauern/Sunk, Austria ~ Mean 47.0 0.42 2.0 21.7 29.0 1.48
SD 0.9 0.42 0.5 1.6 2.9 0.74
n 17 17 17 6 6 6

Notes: Concentrations in oxide wt.%. SD = standard deviation and n = number of analyses.

Data from Table 2 and Lugli et al. 2000; Kilias et al. 2006; Azim Zadeh et al. 2015.

reducing Fe oxides in pore waters which preferentially take up
REE in the middle part of the sequence (Sm to Gd) and
release them into carbonates under reducing conditions (Haley
et al. 2004; Huang et al. 2009; Navarro-Ciurana et al. 2017;
Callen and Herrmann 2019). This suggests that the sedimenta-
ry dolomite precursor may have formed under reducing condi-
tions and that later-formed magnesite and chlorite inherited its
geochemical signature. The lack of characteristic seawater
REE patterns and the similarity between REE profiles of each
sample (Fig. 6A) and its constituent minerals (Fig, 6B) suggests
that the original rocks reacted with fluids that did not have sea-
water geochemical signatures.

Evaporite magnesite typically shows very low REE con-
tents. This reflects eatly removal of the REE from seawater as
Ca-rich minerals precipitate prior to magnesite saturation
(Moller 1989). Magnesite analyses from Quartz Creek samples
have higher REE contents than seawater and thus are unlikely
to represent evaporitic magnesite. Seawater-derived carbonate
rocks typically exhibit depletion of light REE depletion rela-
tive to heavy REE, which is the exact opposite of the pattern
show by whole-rock and mineral data from the Quartz Creek
samples. The Quartz Creek whole-rock REE trends (Fig. 6A)
are more consistent with precipitation from hydrothermal flu-
ids that did not have seawater geochemical signatures (Callen
and Herrmann 2019). Magnesite that precipitates directly from
hydrothermal fluids tends to be depleted in light REE-because
the heavy REE are more easily accepted into the magnesite
crystal lattice (M6ller 1989; Bau and Moéller 1992; Lugli et al.
2000). In contrast, Quartz Creek magnesite displays an overall
relative enrichment in the light REE (Fig, 6B).

Europium and/or Ce anomalies are common in catbonates
and can be indicative of high-temperature hydrothermal fluids
or reducing or oxidizing conditions in aqueous systems (Bau
and Moller 1992). Normal seawater-derived carbonate rocks
typically display negative Ce anomalies. These features are not
present in the whole-rock REE profiles from the Quartz Creek

samples, or in REE profiles for individual minerals at Quartz
Creek (Fig, 6). The oxidation state of europium (Eu*"/Eu®) is
primarily controlled by temperature, and positive Eu anomalies
can be indicative of high-temperature hydrothermal fluids
(Frimmel 2009; Meyer et al. 2012; Tostevin et al. 2016). Calcu-
lated Eu anomalies (Eu/Eu*) for Quartz Creek magnesite are
only weakly positive, but the negative Eu anomalies associated
with sedimentary environments are not observed.

Age and Tectonic Implications

Powell et al. (2006) suggested that the magnesite deposits of
southeastern British Columbia formed through the influence
of Mg-rich brines mobilized by heat and faulting during Cam-
brian rifting and subsidence. The only stratigraphic constraint
on when the pinolite textures at Quartz Creek formed is that
they must cither be of the same age or younger than their
Neoproterozoic host rocks. The stratigraphic ages of sedimen-
tary rocks hosting sparry magnesite deposits in southern
British Columbia range from as young as Middle Cambrian
(Mount Brussilof; Fritz and Simandl 1993; Marshall et al. 2004)
to as old as Mesoproterozoic (Brisco and Driftwood Creek;
Simandl and Hancock 1992).

Our Late Ordovician to Early Silurian titanite U-Pb age
(433 * 12 Ma) from Quartz Creek is based on isotopic analyses
of many titanite grains, with no obvious textural differences,
that are closely associated with pinolitic magnesite crystals and
magnesite in micro-veins. We suggest that it provides a reliable
estimate for the timing of formation of the pinolite textures,
and it indicates that these are much younger than the Neopro-
terozoic depositional age of the Horsethief Creek Group host
rocks. The Tera-Wasserburg concordia plot is interpreted to
define a regression line caused by variable amounts of alter-
ation of individual grains, which intersects the concordia curve
at ~ 433 Ma. This is consistent with the 442 Ma age implied by
the weighted average of #*U/*Pb ages (Fig. 7).
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Figure 8. Log,, Co versus Log;, Ni, Cr, Ba and Sr plots comparing magnesite from the Quartz Creek pinolite rocks with the reported concentrations of these elements in
magnesite from various environments. The Quartz Creek magnesite most closely resembles magnesite interpreted to be formed through metasomatic processes. It is also sim-
ilar to evaporitic/marine magnesite but is distinctly different from magnesite in altered ultramafic and CO, metasomatic environments. The comparative data were extracted
from element concentration-frequency graphs in Azim Zadeh (2009) that summarized data from Moller (1989). They reflect the most likely concentrations of elements in
each environment while de-emphasizing outliers. Note that all Cr analyses and two Ni analyses from Quartz Creek were below the detection limit so comparisons for these

clements may be unreliable.

The Late Ordovician to Early Silurian age suggested for the
Quartz Creek pinolite locality is consistent with aspects of the
regional geology. Cambrian to Late Ordovician mafic volcanic
rocks and lithologically similar diatremes occur in a narrow, SE
trending, 160 km-long belt that extends through Golden, BC
(Pell 1986; Larson and Price 2006). Emplacement of these
igneous rocks appears to have been controlled by basement
faults defining the margin between the Paleozoic miogeocline
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to the west and the Laurentian craton to the east (Larson and
Price 2000). The faulting, igneous activity and heat associated
with these Cambrian to Ordovician tectonic events may have
provided conduits, sources, and thermal energy for migrating
hydrothermal fluids that formed the pinolite textures at
Quartz Creck and perhaps other locations in southeastern
British Columbia.
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CONCLUSIONS

Distinctive and unusual pinolitic textures developed in carbon-
ate rocks of the Neoproterozoic Horsethief Creeck Group near
Golden, British Columbia, are interpreted to have formed by
metasomatic processes that led to the replacement of primary
dolomite by magnesite, in response to the effects of Mg-rich
hydrothermal fluids. Textural observations such as broken
crystals, and multiple fracturing and growth episodes, support
a model where metasomatic fluids moved along fractures and
bedding surfaces. Petrographic observations of dolomite
microinclusions within magnesite and evidence for recrystal-
lization of dolomite are also consistent with metasomatic
replacement. A Late Ordovician to Eartly Silurian U-Pb age for
titanite grains that are intimately associated with magnesite
indicates that the development of pinolitic textures occurred
long after deposition of the Neoproterozoic host rocks of the
Horsethief Creek Group. This age is also younger than the
Middle Cambrian sedimentary rocks that host the Mount
Brussilof magnesite deposit (Fritz and Simandl 1993; Marshall
et al. 2004) and the Mesoproterozoic sedimentary rocks that
host the Brisco and Driftwood Creek deposits (Simandl and
Hancock 1992). The U—Pb titanite age from Quartz Creek is
broadly coeval with fault-related diatremes and volcaniclastic
rocks that may also have supplied heat and/or fluids for meta-
somatic processes.

Geochemical investigations of the Quartz Creek pinolite
occurrence are hampered by the small number of analyzed
samples, but preliminary data suggest that whole-rock and
mineral compositions resemble those of other magnesite
deposits that contain pinolitic textures, which have similarly
been interpreted to result from metasomatic processes. In par-
ticular, REE profiles for samples and minerals from Quartz
Creek lack the distinctive Ce and Eu anomalies that are associ-
ated with seawater, and REE concentrations are higher than
those documented from magnesite of primary evaporitic ori-
gin. The similarity of REE profiles for individual minerals
such as dolomite and magnesite, and the enrichment of light
REE relative to heavy REE, are also consistent with an influ-
ence from hydrothermal fluids. It is suggested that systematic
geochemical studies of other magnesite deposits, and efforts
to obtain their formation ages through dating accessory min-
erals associated with pinolite, might prove useful avenues for
future research on this and related topics.
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SUMMARY

Geology Outreach at the University of Saskatchewan was initiated
during the 2018/19 academic year as a free and informal edu-
cation opportunity for K—12 educators and their students in
Saskatchewan. The program was 100% volunteer-run by
undergraduate and graduate students in the Department of
Geological Sciences at the University of Saskatchewan. We
estimate reaching more than 1000 students in Saskatoon and
surrounding areas following two years of outreach offerings.
Hands-on activities offered included ‘Rocks and Minerals’,
Tossils’, ‘Meteorite Impacts’ and “Volcanoes’ and also involved
a tour of the Museum of Natural Sciences when completed on
campus. The overall intent of these activities was to foster
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excitement about the Earth Sciences. Typically, Educators who
booked our program taught grades 4-7, where the Earth Sci-
ences are strongly represented in Saskatchewan’s science cur-
riculum. Most outreach offerings occurred on the University
of Saskatchewan campus, but some were offered remotely at
elementary schools and various Gitl Guides of Canada events.
During the 2019/20 academic year, we booked every outreach
event planned for that year within two days and had a waiting
list of more than 30 teachers across the province. The demand
for geoscience outreach in Saskatchewan is high, and we hope
to continue providing engaging, relevant, and fun educational
outreach opportunities. University departments across Canada
should allocate funds for community and school outreach ini-
tiatives and hire science communicators to oversee programs
such as this.

RESUME

Le programme « Geology Outreach » de 'Université de la
Saskatchewan a débuté au cours de l'année universitaire
2018/19 en tant qu’opportunité d’éducation gratuite et
informelle pour les éducateurs de la maternelle a la 12e année
et leurs ¢tudiants en Saskatchewan. Le programme était géré a
100% par des étudiants bénévoles de premier cycle et des
cycles supérieurs du Département des sciences géologiques de
I’'Université de la Saskatchewan. Nous estimons atteindre plus
de 1 000 étudiants a Saskatoon et dans les régions voisines
apres deux années d’offres de sensibilisation. Les sujets des
activités pratiques proposées comprenaient « Roches et
minéraux », « Fossiles », « Impacts de météorites » et « Volcans
», et impliquaient également une visite du Musée des sciences
naturelles quand les activités étaient proposées sur le campus.
I’objectif général de ces activités était de susciter de enthou-
siasme pour les sciences de la Terre. En regle générale, les édu-
cateurs qui ont fait la demande de notre programme
enseignaient aux éléves de la 4e a la 7e année, ou les sciences
de la Terre sont fortement représentées dans le programme
des sciences de la Saskatchewan. La plupart des activités de
sensibilisation ont cu lieu sur le campus de I'Université de la
Saskatchewan, mais certaines ont été offertes a distance dans
les écoles élémentaires et lors de divers événements des Guides
du Canada. Au cours de 'année scolaire 2019/20, toutes les
offres de sensibilisation pour cette année ont été réservées en
deux jours et nous avions une liste d’attente de plus de 30
enseignants a travers la province. LLa demande de sensibilisa-
tion géoscientifique en Saskatchewan est élevée, et nous
espérons continuer a offrir des opportunités de sensibilisation
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éducative engageantes, pertinentes et amusantes. Les départe-
ments universitaires a travers le Canada devraient allouer des
fonds aux initiatives de sensibilisation communautaire et sco-
laite et embaucher des communicateurs scientifiques pour
superviser des programmes comme celui-ci.

Traduit par la Traductrice

INTRODUCTION

In Saskatchewan’s science curriculum, the Earth Sciences are
well represented in grades 1 through 10 (Government of
Saskatchewan 2021). Unfortunately, Earth Science topics are
often skipped over or taught primarily from worksheets and
textbooks. Classrooms may not have access to resources and
materials to demonstrate Earth Science processes or concepts
effectively, and many teachers do not have a background in
Earth Sciences. Thus, creating additional geoscience-related
educational resources for educators is a practical approach to
supplement classroom learning,

During a summer job with the University of Saskatchewan
(U of S), through the College of Arts and Science’s “Science
Ambassador Program”, I was assigned to the small northern
community of Ile-a-la-Crosse, Saskatchewan. While working
in this community, I had the opportunity to give presentations
and design hands-on experiments for K—12 students focusing
on the Earth Sciences. These lessons included volcanology,
rocks and minerals, fossils, erosional features, plate tectonics
and earthquakes. There were also outdoor field activities where
we explored local boulders featuring volcanic and plutonic
rocks from the Precambrian shield. The students” amazement
that ~ 1.8 billion years ago they would have been standing
amongst volcanoes stuck with me and initiated my desire to
start a formal outreach program at the University of
Saskatchewan.

At the time, I was a graduate student in the Department of
Geological Sciences at the University of Saskatchewan. I was
well aware of the educational resources available within the
department. Common to all university Earth Science depart-
ments, U of S has an excellent collection of rocks, minerals,
and fossils from across the world. The U of S Museum of
Natural Sciences provided a perfect opportunity for guided
tours of the various displays, exhibits, and informative signage.
Diverse rock and mineral samples, a space for activities and/or
tours, expertise on the material, and students’ willingness to
help were necessary factors to initiate the outreach program.
This paper reviews the initial planning, the outreach offerings,
and the feedback received. It then takes a closer look at the les-
sons learned, benefits to those involved, and makes sugges-
tions for future outreach initiatives.

INITIAL PLANNING

Points to Consider

Before initiating the outreach program, extensive planning was
necessaty to ensure that students and teachers had an enjoy-
able, organized, and meaningful experience. Some of the
details addressed in planning include:
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Funding to acquire supplies for hands-on experiments.
Personnel to present, answer questions, set up materials
and clean up after a session (typically 2—4 people).

3. Determine the most effective approaches for communicat-
ing with students.

4. Develop content that would align hands-on activities with
the ‘Harth and Space Science’ component of
Saskatchewan’s K-9 science curriculum

5. Ensure appropriate media platforms for communication

with educators and a space to organize materials after

booking an event.

o=

Funding

The financial support received by the Canadian Geological
Foundation (2021), TakingITGlobal (2021), and the U of S
Department of Geological Sciences enabled this outreach pro-
gram’s success. The funding was used to have eight micro-
scope transport cases made (Fig. 1) and to purchase supplies
for hands-on activities. In-kind funding from the Department
of Geological Sciences allowed for use of the departmental
truck and coverage of operating expenses for outreach trips to
schools and communities that could not travel to the U of S.

Modes for Communicating

Various methods have been proposed for communicating in
outreach settings including the three prominent models for sci-
ence communication (deficit, dialogue, and participation mod-
els; Metcalfe 2019). Among many issues (e.g. it assumes
supremacy of western knowledge) the deficit model utilizes a
one-way, top-down transmission of information from the pre-
senter (expert) to the audience (layperson). This assumes that
by audiences gaining more knowledge, they will inevitably have
a positive attitude towards the topic (Reincke et al. 2020). The
dialogue model is a form of two-way communication involv-
ing a transfer of information between presenter and layperson
and vice-versa. It builds on mutual respect, encourages listen-
ing and learning, with the audience as a helpful resource and
the expert as the facilitator (Reincke et al. 2020). Lastly, the par-

Figure 1. Transport cases for petrographic microscopes used for remote outreach
activities.
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ticipation model uses multidirectional communication through
engagement rather than the transmission of information.
Audiences take on an active role and are considered co-cre-
ators alongside the expert (Metcalfe 2019).

Considering this outreach offering was solely organized
and run by volunteers with no formal science communication
training, there was no knowledge on the various approaches
for communication. Thus, no specific communication goals
were established eatly on; key for effective science communi-
cation. Nevertheless, through trial and error during the first
year, it was noted that the dialogue model in combination with
the deficit model was best-suited to our situation.

Volunteers

An information session (with free pizza) was hosted to gauge
initial interest in the outreach program and recruit volunteers.
This event gave students a sense of the activities to be taught,
how participating would advance their science communication
skills, and the significant experiential opportunities they would
be providing for youth and teachers attending. As a result,
there were 18 and 19 graduate and undergraduate student vol-
unteers during the first and second years, respectively. Students
had a range of roles during the events, including presenting,
answering students’ questions, running tours through the
museum, and setting up and removing materials.

Designing and Organizing Hands-On Activities

Activities were designed using existing lessons and activity
ideas. Developing relationships with others working in the
geoscience education space was influential in developing new
outreach activities. Online educational resources from organi-
zations such as Mining Matters, the Saskatchewan Mining
Association, and Impact Earth from Western University were
also used. There were opportunities for student volunteers to
express ideas and create lessons as well.

Promotion and Booking

A landing page for the outreach program was added to the
department website with information regarding what would be
expected during an outreach event. The website linked to a
SurveyMonkey™ form where interested teachers could indi-
cate what activity topics they wanted, the preferred dates, pro-
vide some details about their class, and establish contact infor-
mation.

A Facebook page and a Twitter account were also created
to spread awareness and update the community about our out-
reach program. Initially, targeted Facebook advertisements
were used to spread the word about our program through the
Saskatchewan education community. This approach proved
very effective and resulted in all outreach sessions for the
entire school year becoming booked in two days (more than 20
sessions). More than 30 teachers remained interested in partic-
ipation after all slots were filled and they were added to a wait-
ing list. This demand demonstrates how sought-after geo-
science outreach activities are in Saskatchewan.
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Hands-on Activities

Rock and Mineral Lesson: This lesson involved a 10 to 20-
minute presentation (approximately) with accompanying
hands-on activities. The first component focused on minerals,
with each slide discussing a specific mineral property (e.g.
colout, lustre, hardness) used for identification. Minerals were
pre-organized in groups to specifically bring students’ atten-
tion to the property being discussed. For example, after pre-
senting the slide on specific gravity, we passed out galena
(heavy) and talc (light) samples together to show the notable
difference.

Following this activity, we looked at minerals under a
microscope. Before starting, to ensure that the students han-
dled the microscopes carefully, presenters told students that
each microscope was worth $1,000,000; this exaggeration was
justified in emphasizing that students should use extra caution!
This was the student’s first time seeing rocks under a micro-
scope (Fig. 2), so no advanced observations were made.
Instead, a volunteer switched between cross-polarized and
plane-polarized light and sometimes inserted the gypsum plate,
to get students’ attention!

Figure 2. Homeschool student observing minerals under a petrographic micro-

scope.

https://doi.otg/10.12789/geocan;.2021.48.178
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Next, we discussed rocks and introduced the three rock
types, how they formed, and how to identify them. Similar to
the mineral activity, groups of rocks were distributed to stu-
dents. Each group of rocks would have a sedimentary, meta-
morphic, intrusive, and extrusive rock. Students worked
together to identify the rocks, while volunteers worked with
groups to discuss their observations.

A ‘mineral matching’ activity from Mining Matters was
excellent for getting students thinking about the importance of
minerals in their everyday lives. First, students were organized
into groups, each with ten mineral cards (describing the prop-
erties of a specific mineral), ten corresponding mineral sam-
ples, and ten objects that these minerals are used to make.
Then, students worked together to match each mineral to the
item that the mineral is used to produce.

Fossil Lesson: This lesson started with a 10-minute pres-
entation about fossils and dinosaurs. The hands-on compo-
nent involved analyzing fossils from the department’s collec-
tion and included a station where students could look at fossils
in 3D. Students used a camera to scan fossil cards using an iPad
app, “WyoFossil”, created at the University of Wyoming Geo-
logical Museum (2021). A 3D image was produced of what
that fossil or animal would have looked like in real life. While
this activity was in progress, two volunteers would be prepar-
ing the “fossil dig” activity. Small plastic bowls (~ 12 ¢cm diam-
eter) were half-filled with sand. One volunteer would make the
cast mix, which used Plaster of Paris and water. A sand-filled
plastic bowl and plastic fossil molds (purchased online) were
provided, and students pressed their mold into the sand, creat-
ing a compression. With volunteers’ assistance, students
poured the Plaster of Paris mixture into their bowls to set.

While the fossil casts dried, the lesson was broken up with
a museum tour (discussed below). While students were on the
tour, volunteers flipped the fossil casts onto newspaper with
the sand now covering the top of the casts. When students
returned, they were given a toothbrush and dental pick to care-
fully remove excess sand until they could extract their fossil
(Fig. 3). Students were thrilled and even got to take their fossils
home to show their parents!

Meteorite Impact Lesson: Students were given a quick (~
5 min) presentation on meteorites and meteorite impacts. Dr.
Mel Stauffer kindly loaned meteorite specimens from his col-
lection to use for the outreach program, including iron mete-
otites (the Toluca, Campo del Cielo, and Canyon Diablo mete-
orites) and a stone meteorite. These samples were carefully
passed around under supervision by volunteers for 5-10 min-
utes. While samples were passed around, one volunteer set up
the hands-on experiment, which demonstrates how a mete-
orite impact occurs. The volunteer used a clear plastic contain-
er and poured a layer of flour (~ 3 cm thick), and sifted a thin
layer of cocoa powder (~ 2 cm thick) on top. Next, a student
volunteer was asked to throw a small rubber ball at the cocoa
powder in the container creating an impact crater (Fig. 4a). Stu-
dents used their observational skills to draw the crater’s shape
and discussed what factors could change it. Finally, a new vol-
unteer threw the ball with a change in the angle, height, or
speed (Fig, 4b).

http://www.geosciencecanada.ca
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Figure 3. Students carefully using toothbrushes to uncover their fossil casts.

Volcanoes Lesson: This lesson included a ~ 10-minute
presentation on the types of volcanoes and volcanic eruptions,
combined with a hands-on component analyzing volcanic and
intrusive rock samples. Students then went outside to an area
where a volunteer had a small pile of ammonium dichromate
on tinfoil. Students were asked to keep a 2-metre distance from
the ‘volcano’ for safety reasons. The ammonium dichromate
was lit with 2 match, and students watched as the exothermic
reaction simulated a volcanic eruption and a cinder cone for-
mation. The final component of this lesson involved 3 hours
of preparation, with a volunteer making a bowl of gelatin.
Once the gelatin was set (in a volcano shape), it was transferred
on a pegboard, elevated by two bricks. A magma solution was
created from red food colouring and water and was added to a
syringe. A volunteer then injected ‘magma’ into the gelatin vol-
cano by inserting the syringe upwards through a hole in the
pegboard.

Museum Tour: The museum tour was often referred to as
the highlight of a student’s trip to the University. This success
is attributed to volunteers’ tremendous science communication
skills, especially Drake Meili (aka Drake the Geologist), Simran
Kharal, and Iliajah Pidskalny. Drake typically started the tour
by asking students a question about something they’d learned
that day. Whoever answered correctly became Drake’s ‘Assis-
tant Geologist’ for the day and involved wearing his prospector
hat (Fig. 5) for the rest of the tour. During the tour, students
saw the pristine mineral specimens and rock samples in display
cases, the animals in the museum (Fig. 6), and the fossils in the
Tyndall stone walls.

At the end of each of the above lessons, students wete
given a ‘Certified Junior Geologist’, ‘Certified Junior Paleontol-
ogist’, ‘Certified Junior Meteorite Expert’, or ‘Certified Junior
Volcanologist’ button (Fig, 7) to take home with them!

A Typical Outreach Day

On the day of an outreach event, this was the typical sequence
of events before, during, and after students arrived. The setup
was relatively straightforward if the event was taking place on
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Figure 5. Geology Outreach University of Saskatchewan volunteer Drake Meili
(Drake the Geologist) in his outreach attire.

campus as the classroom already had rock, mineral, and fossil
samples organized from a previous session. Thirty minutes
before the event, volunteers arrived to set up the equipment
and materials needed and ensured that all technology worked.
Once the class arrived, we completed one or two of the les-
sons described above, typically over two hours. When the class
left, volunteers assisted with clean-up and ensured that all sam-
ples were organized to be ready for the next event. Typical
post-outreach tasks involved compiling survey results follow-
ing the event, returning supplies to storage, and making social
media posts to promote the event.

When we were asked to travel to a school during an off-
campus trip, more organization before the event was required.
Volunteers typically arrived one to two hours ahead of time to

Figure 6. Drake Meili leading the museum tour for Grade 5 students in the Muse-
um of Natural Sciences at the University of Saskatchewan.

gather all materials needed for the hands-on activities, loaded
microscopes into transport cases, organized worksheets, and
loaded everything into the U of S departmental truck. Typical-
ly, two or three volunteers led these off-campus events. Upon
arriving at the school, volunteers checked in at the front office
and were directed to a classroom. Because the supplies were
previously organized at the University, minimal setup was
needed. After completing the activities, volunteers packed up,
brought the supplies back to the University campus, and
returned them to storage.

Feedback from Surveys

To determine the effectiveness, enjoyment, and areas for
improvement of our outreach activities, we provided post-out-
reach surveys for a sample of students and teachers. These sut-
veys were done in late March 2020 before the COVID-19 pan-
demic and included 63 Grade 4 students who completed the

https://doi.org/10.12789/geocan;j.2021.48.178



Figure 7. Badges distributed to students who completed our ‘Rocks and Minerals’,
Tossils’, “Volcanoes’, and ‘Meteorite Impact’ lessons.

‘Rocks and Minerals’ activity. Based on their answers, the per-
centages of students who enjoyed particular components most
were as follows: 50% of students enjoyed the museum tour,
30% liked looking at samples under the microscope, 10%
enjoyed looking at rock and mineral hand samples, whereas 5%
enjoyed the mineral matching activity and 5% couldn’t decide
and enjoyed everything. When asked what they learned, here
are some typical responses:

“It’ important to know Earth’s history.”

“I learned that we need minerals to survive.”

‘“Without rocks, we wouldn’t be here, and neither would the uni-
versity or the tires on our cars.”

“I learned that minerals make our world a better world.”

When asked if they would recommend the program to col-
leagues, teachers also noted:

“Of course, hope to come again!” and
“Yes, it was a great way o get students out and learning, and it
was a lot of fun.”’

http://www.geosciencecanada.ca
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REVIEW AND RECOMMENDATIONS

Lessons Learned

After two years of running Geology Outreach at the U of S, les-
sons learned from the successes and setbacks are summarized
below:

1. It worked best with less lecturing and more hands-on activ-
ities — Geology is tactile. We should use this to our advan-
tage and promote hands-on learning with discussion, rather
than solely lecturing about geological concepts. We found
the most success by lecturing in short segments (1-minute
maximum) and breaking this up by allowing students to see
or touch something;

2. The ‘dialogue model’ (Reincke et al. 2020) proved to be the
most appropriate for presenting in our unique situation
(100% volunteer-run; explained in “Modes for Communi-
cating”). This model allows presenters to use a ‘conversa-
tion style’ approach to communicating where volunteers
and students can ask one another questions, explain rea-
sonings for proposed answers, and engage in a way that lec-
turing does not permit.

3. Activities should be no longer than 30 minutes — The idea
behind this stems from the cognitive overload theory. That
is, students, especially in today’s technology-focused socie-
ty, tend to lose attention after shorter periods, when over-
loaded with new information (356 Labs 2021). We found
that 30 minutes should be the maximum amount of time
spent on one activity. Over two hours, we tried to include
at least four activities to avoid losing the students’ atten-
tion.

4. Give them something to bring home — Often, we associate
memories with objects. The intent of handing out our
TJunior Certified’ pins was that students would attach their
pin to their backpack or some other belonging and remem-
ber the experience they had with us!

5. Network — Find out what others in Earth science outreach
are doing. For example, there are nonprofit organizations
in Canada involved in similar ventures (e.g. Mining Matters
- https://miningmatters.ca/, MineralsEd - https://miner-
alsed.ca/, National EdGeo Program - https://www.
edgeo.org/). There are also international efforts (e.g. Earth
Learning Ideas - https://www.earthlearningidea.com/,
SERC Catleton - https://serc.catleton.edu/index.html).
All of these organizations and projects have put time and
expertise into creating K—12 geoscience lessons. Sharing
resources, experience, and expertise is essential to advanc-
ing geoscience communication initiatives.

6. Get student volunteers — Many university students are
interested in volunteering but may not have ample time to
commit to off-campus activities. Having an outreach pro-
gram at a university becomes convenient for students and
gives them a fun break from their academic studies. Not
only is it rewarding for volunteers, but it also improves
their science communication skills.
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7. Create a website and social media page(s) — Nowadays,
assume people don’t know about you unless you’re on the
web. We were able to reach many teachers with our Face-
book page and a simple $30 Facebook advertisement.
Social media is also a great way of keeping followers updat-
ed on your offerings, important dates, etc.

8. Provide fewer facts and have more fun — Our intent with
outreach was not necessatily for students to remember a//
of the properties of a mineral. If they did, it was a bonus.
The main goals were to make sure students had fun and
gained interest in the science of the Earth. Making an
activity seem fun is especially important as many of the
events were aimed at elementary students.

9. Organization is vital — With the sheer number of things to
remember during an outreach session, having an organized
schedule and checklist was imperative. Supply lists ensured
that every material necessary for each lesson was accounted
for and located together in one place. A schedule including
detailed steps for setup, the activities, and take-down was
crucial to ensuring a smooth event. Organized plans also
ensured that the program could be run by different people,
which supports program flexibility.

Benefits

K—12 students, their teachers as well as undergraduate and
graduate volunteers all benefited from this program. K—12 stu-
dents benefited from seeing mineral, rock, and fossil speci-
mens that they would not usually have access to in their class-
rooms. They also benefited by learning about geological
processes from volunteers who actively learn about such topics
in their degree programs. These volunteers may also act as
young role models in geoscience to K—12 students. The teach-
ers benefited from this program since this is a free resource
that they can use to supplement any classroom teaching they
have done on the subject. Lastly, the U of S volunteers greatly
benefited from this program as they can keep introductory
geology information fresh and learn science communication,
organizational, and leadership skills during the program.

Future Opportunities in University Outreach

Moving forward, university departments should set aside des-
ignated funding for community outreach initiatives and con-
sider hiring science communicators to run programs like this.
Organizing this program typically involved ~ 4-8 hours of
volunteer work each week for the outreach coordinator. How-
ever, bringing a program to its full potential would easily
require a full-time position. By hiring full-time employees with
relevant training, departments could expect a research-guided
approach to outreach initiatives, potentially resulting in 1)
greater public interest of and trust in the geoscience industry;
2) increased enrollment in their geoscience program; and 3)
meaningful engagement within local communities. In addition,
science communication training would equip undergraduate
and graduate students with the skills necessary for engaging
with various audiences, including peers within their disciplines.
This training has tremendous applications for geoscientists’
future endeavors whether in industry, academia, or the public
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sector. Most importantly, having outreach programs accessible
to communities and educators, who may not have the
resources or geological background to discuss these subjects
thoroughly, is an invaluable resource.

ACKNOWLEDGEMENTS

Many people and organizations made this outreach program so successful. First and
foremost, the dedication of U of S undergraduate and graduate student volunteers
was tremendous. On top of a busy university schedule of lectures, labs, and
research, there were always volunteers to count on for showing up and bringing their
best attitudes forward. The Canadian Geological Foundation, Takingl'TGlobal, Min-
ing Matters, the Museum of Natural Sciences at U of S, and the Department of
Geological Sciences at U of S are all thanked for their generous financial and in-kind
support. Dave Lovelace from the University of Wisconsin-Madison Geology Muse-
um is thanked for providing fossil casts and directions on making an improved fossil
hands-on activity. Erica Bird, Laura Clinton, Terry Johanson, Tim Prokopiuk, and
Kevin Ansdell are also thanked for their guidance and support during this program.

REFERENCES

Canadian Geological Foundation, 2021, About [website]. Retrieved from
http:/ /www.canadiangeologicalfoundation.org/?page_id=2. [Last accessed:
7/9/2021].

Government of Saskatchewan, 2021, Saskatchewan Curriculum [website]: Govern-
ment of Saskatchewan Ministry of FEducation. Retrieved from
https://www.edonline.sk.ca/webapps/moe-curriculum-BB5f208b6da4613/.
[Last accessed: 8/9/2021].

Metcalfe, J., 2019, Comparing science communication theory with practice: An
assessment and critique using Australian data: Public Understanding of Science,
v. 28, p. 382—400, https://doi.org/10.1177/0963662518821022.

Reincke, C.M., Bredenoord, A.L., and van Mil, M.H.W., 2020, From deficit to dia-
logue in science communication: EMBO (European Molecular Biology Organ-
ization) Reports, v. 21, €51278, https://doi.org/10.15252/embr.202051278.

TakingITGlobal, 2021, #RisingYouth: community service grants [website]: Takin-
¢I'TGlobal. Retrieved from: https://www.risingyouth.ca/. [Last accessed:
7/9/2021].

356 Labs, 2021, The cognitive load theory and your presentations [blog]: 356 Labs
Agency, Sofia, Bulgaria. Retrieved from: https://356labs.com/blog/cognitive-
load-theory-presentations/. [Last accessed: 11/22/2021].

University of Wyoming Geological Museum, 2021, WyoFossil Augmented Reality
App [website]: University of Wyoming, Laramie, WY. Retrieved from:
http://www.uwyo.edu/geomuseum/wyofossil/. [Last accessed: 7/9/2021].

Received August 2021
Accepted as revised November 2021

https://doi.otg/10.12789/geocan;.2021.48.178



Riding the waves of change

GAC- AGC- Surfer sur la vague
MAC- AMC- du changement

IAH-CNC-p:Ag BSi\(of

CSPG SCGP

May
15-18

Abstract submission for the Halifax 2022 GAC-MAC-IAH-CNC-CSPG Joint Meeting is now open (December 1, 2021). The
conference will be held in Halifax, Nova Scotia from May 15-18, 2022. Halifax 2022 is a joint meeting of the Geological
Association of Canada (GAC), the Mineralogical Association of Canada (MAC), the International Association of
Hydrogeologists — Canadian National Committee (IAH-CNC), and the Canadian Society of Petroleum Geologists (CSPG).
The hosting society is the Atlantic Geoscience Society (AGS). Several other groups will also be providing content and
coordinating with Halifax 2022. The overall theme for Halifax 2022 is “Riding the waves of change — Surfer sur la vague
du changement”, and certainly COVID-19 has made that theme even more appropriate than we anticipated! The
conference will consist mainly of oral and poster contributions, arranged in thematic special sessions and symposia as
well as in general topical sessions. https://halifax2022.atlanticgeosciencesociety.ca/technical-program/

The schedule will be organized to promote discussion among meeting participants. At this time, we are planning for a
mostly in-person conference with the possibility of streaming or recorded access to oral sessions, and both in-person
and virtual options for poster presentations. In addition to the 61 symposia, special sessions, and general sessions,
there are 11 field trips and 8 short-courses.

Abstracts can be submitted through the conference website. Registration opens on January 1, 2022.
https://halifax2022.atlanticgeosciencesociety.ca/abstract-submissions-and-registration/

Make sure to follow us on Facebook (G A C M A C Halifax), Twitter (@ GACMAC2022), and Instagram (gacmac2022).

See you all in Halifax!

‘L http://www.geosciencecanada.ca


https://halifax2022.atlanticgeosciencesociety.ca/abstract-submissions-and-registration/
https://halifax2022.atlanticgeosciencesociety.ca/technical-program/

volume 48

Gerard Viner Middleton FRSC: 1931-2021

It is with sadness that we report the recent passing of Gerard
V. Middleton, one of the leading pioneers of sedimentology.
Gerry, as he was known to his many friends and colleagues,
was born in South Africa of English parents, and was educated
in England, obtaining his Ph.D. in geology from Imperial Col-
lege in 1954. For his thesis research, he mapped an area of
Devonian rocks in Devon, and one of his eatliest papers
(1959) is a taxonomic documentation of the tetracorals con-
tained in those rocks. Immediately upon graduation, he emi-
grated to Canada where he worked first for California Standard
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Oil Company in Calgary for one year, after which he joined
McMaster University, Hamilton, Ontario, in 1955, starting as a
Lecturer in Geology. He remained there for his entire profes-
sional career. Interestingly, this appointment came on his sec-
ond application; his first as a paleontologist had been unsuc-
cessfull Perhaps because much of his Ph.D. research involved
carbonate rocks, he initially undertook research on the facies
and diagenesis of limestones in both Alberta and Ontario,
spending summers working for Shell Oil where he met many
of the leading carbonate researchers of the day. However, he
found the local limestones “boring”, and switched his atten-
tion to sandstones. His first work on them was petrographic
and geochemical in focus and involved some of the earliest
work in sedimentary geology to use advanced statistical tech-
niques, an interest that continued to the end of his career.

Because he appreciated that a deeper understanding of the
origin of sandstones would require knowledge of the physical
processes responsible for transporting and depositing sedi-
ment, Gerry educated himself in fluid mechanics through
reading the civil engineering literature. In 1964, he organized a
research symposium at the AAPG meeting in Toronto, the
papers from which were published as SEPM Special Publica-
ton 12 “Primary Sedimentary Structures and Their Hydrodynamic
Interpretation”, which he edited. This presented the now classic
flow-regime concept to geologists and popularized the series
of bedforms that develop as current speed increases. This vol-
ume can be credited with introducing fluid mechanics into sed-
imentology, something that has become central to an enor-
mous body of subsequent research.

One of the particularly hot topics of the time (late 1950s
and 1960s) was the “greywacke/flysch problem”, namely the
origin of the ubiquitous graded beds that occurred in what
were widely thought to be deep-water deposits. Early work by
Keunen and others had raised the possibility that they were
emplaced by turbidity currents, a process that was then pootly
understood. Using his extensive network of connections,
Gerry arranged to undertake a series of experiments on densi-
ty currents at Caltech that formed the basis of the classic series
of papers published in 1966-1967, that, together with a 1965
paper on antidune structures and a follow-up paper on “flysch
sedimentation” in 1970, represents the foundation of neatly all
modern work on turbidity currents! In 1973 and again in 1976,
together with Monty Hampton, he expanded on this earlier
work and published a more comprehensive process-based clas-
sification of sediment gravity flows that remains the basis for
most interpretations of the origin of deep-water deposits. Var-
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ious additional studies with students, commonly but not exclu-
sively based in the Gaspésie region of Quebec, added sound-
ly-based outcrop interpretations to the repertoire of examples
that have been extensively used by workers over the years.
Gerry published his final synthesis paper on deposition from
turbidity currents in 1993. In addition to this primary focus of
his research, Gerry also contributed to important papers on
such diverse topics as the origin of upper-flow-regime parallel
lamination, the interpretation of grain-size distributions in
sand, and tidal sedimentation in the Bay of Fundy. Later in life,
he turned his attention to topics in the history of geology, and
to the origin of the various building stones used in construc-
tion in and around Hamilton in the 19" century.

Education in various forms was central to Gerry’s character
and contribution to the sedimentological community. As he
himself said, he was always “... #ying to put in order (in my mind)
an area of scientific knowledge ...”: he had a passion for synthesiz-
ing information and passing that knowledge to others, some-
thing that may have arisen because most of his own knowledge
in clastic sedimentology was self-taught. Most notable was the
general textbook “Origin of Sedimentary Rocks”, coauthored with
Harvey Blatt and Raymond Murray, which appeared in 1972,
with a second edition in 1980. This was the first comprehen-
sive textbook to take a rigorous process-based approach to
sedimentary geology, rather than the descriptive, petrographic
approach that prevailed in previous textbooks. Gerry was also
the lead author, with John Southard, of the highly influential
SEPM Short Course Notes “Mechanics of Sediment Movement’
(1977, 1984) that introduced many clastic sedimentologists to
the intricacies of fluid mechanics. This was preceded by the
first-ever SEPM Short Course that he organized with Arnold
Bouma “Turbidites and Deep Water Sedimentation” (1973), fol-
lowed by short courses on the application of fluid and solid
mechanics in the whole of geology, the notes from which
became the textbook “Mechanics in the Earth and Environmental
Sciences” (1994), cowritten with Peter Wilcock. Middleton also
returned to his love of statistical methods near the end of his
career, organizing short courses on “Nonlinear Dynamics, Chaos
and Fractals with Applications to Geological Sciences” (GAC 1991),
and “Nonlinear Dynamics and Fractals: New Numerical Technigues for
Sedimentary Data” (SEPM 1995), given with Roy Plotnick and
David Rubin, and writing the book “Data Analysis in the Earth
Sciences Using MATL.AB” (2000). Indeed, he was fearless in his
choice of research topics, taking risks on novel subjects and
tackling a wider range of topics than most other workers then
or now, making him an ideal person to edit the comprehensive
Encyclopedia of Sediments and Sedimentary Rocks (2003). In addi-
tion to all of this, Gerry was also the behind-the-scenes insti-
gator of the widely popular text “Facies Models” edited by his
long-time colleague and foil, Roger Walker, commissioning the
initial series of articles for the Geological Association of
Canada’s journal Geoscience Canada, which he founded, serving
as the inaugural editor. Furthermore, he had a knack for pass-
ing his love of education and scholarship to his graduate stu-
dents, of whom 6 of 13 Ph.D. students went on to university
academic careers themselves, expanding Gerry’s legacy enor-
mously.

http://www.geosciencecanada.ca

Robert W. Dalrymple and Janok Bhattacharya

Gerry’s involvement in geological and sedimentological
societies was a life-long passion. He drew inspiration from the
colleagues that he interacted with at meetings, and he instilled
this passion in his students as well. He was Vice-President and
President of the Geological Association of Canada (1986—
1988); a Council Member of the International Association of
Sedimentologists for many years and Vice-President from
1978-1982, and he held positions on many SEPM committees.
He once boasted that he was the only person to ever run for
office in SEPM three times, and to be defeated each time. All
of these societies and others have recognized his immense
contributions: he was inducted into the Royal Society of Cana-
da in 1970; he is one of only five people to be named an Hon-
orary Member of both the International Association of Sedi-
mentologists (IAS) and SEPM, as well as of the Canadian
Society of Petroleum Geologists (CSPG); he has received the
highest award given by both the Geological Association of
Canada (GAC—the 1980 Logan Medal) and SEPM, which
awarded him both the Pettijohn Medal (1994) and Twenhofel
Medal (2003). The Geological Society of London also awarded
him the Major John A’'Deane Coke Medal in 1995. In many
ways, given all of the books and sets of notes that he coau-
thored, the most relevant honour was the Grover E. Murray
Memorial Distinguished Educator Award that he received
from the American Association of Petroleum Geologists
(AAPG; 1998). The Canadian Sedimentology Research Group
(CSPG) also named its sole award in Gerry’s name.

Gerry, the person, was gregarious and thoroughly enjoyed
his interactions with colleagues. As he himself said, “I was
always interested in acting, from early highschool days, and elecution (sic),
debating, etc. I take after my father too, in liking to talk!’. He had a
“presence” that caused people to pay attention to what he was
saying, no matter what other conversations might have been
going on. His critical ability and insight were second to none.
Harold Reading, another notable pioneer in the field, once said
that Gerry’s greatest qualities were ... your wisdon and your abil-
ity o see to the heart of a question, to analyse it and come up with an
answer. You express your thoughts truthfully and sometimes with blunt-
ness. ... You once said to me I am only rude to my friends and to those
whom I respect.” Gerry was, despite his great accomplishments,
a humble man, saying that “... contacts with my contenmporaries (e.g.,
John Ramsay, who was a fellow student at Imperial) had convinced e
that my abilities in geological research were modest’. He thought of
himself as a scholar rather than a researcher. He also had a dry,
self-deprecating humour, as is indicated by some of the com-
ments quoted above, and he liked good food and wine. An
anecdote that we remember from our early days as graduate
students, involved Middleton telling his students, in all serious-
ness, while driving between outcrops after a particularly terri-
ble meal at a2 nameless restaurant, about his “Rolaids Scale” for
restaurants, Rolaids® being a popular antacid tablet. He argued
that all measurement scales required a standardized benchmark
and for this he chose Howard ]ohnson’s® restaurants, at that
time a widespread restaurant chain (now with only one remain-
ing location) that served adequate, if unremarkable, food.
Gerry considered it to represent zero on his Rolaids Scale. He
was proud that it was an inverse scale, like the then popular phi



size scale, with meals that were better than the benchmark
receiving a negative Rolaids score, and worse meals a progres-
sively higher positive numbers of Rolaids.

In summary, Gerard V. Middleton was an innovative
researcher, sometimes well ahead of the field, with a deep
interest in understanding how sediments were created. He was
a profound and deeply critical thinker, a trait that he, together
with Roger Walker, instilled in their students by means of their
facies-models course and home seminar setries, a trait that
became feared when, in later years, these former students
reviewed manuscripts for publication. He was passionate
about passing on knowledge to others, and about his involve-
ment with scientific societies. He was justly decorated for his
many services to sedimentary geology, and his many publica-
tions continue to be widely cited because of they helped to
establish the foundations for our present-day understanding,
especially of gravity-flow processes. Beneath all of this exter-
nal evidence, he was a deeply human individual, who loved his
wife of 62 years, Muriel. He is survived by Muriel and their
three children, Laurence, Teresa and Margaret, their spouses
and Gerry’s grandchildren.

Robert W. Dalrymple, Queen’s University
Janok Bhattacharya, McMaster University

We thank Teresa and Laurence for their assistance in preparing
this tribute.

For those who would like to give a donation in honour of Gerry’s legacy, contributions can be made to the
Middleton/Walker Prize in Sedimentary Geology or the Walker/Middleton Fieldwork Scholarship, both at
McMaster University, at:
hitps:/ | secureca.imodules.com/ s/ 1439/ 17 | giving/ form.aspx?sid=1439>gid=1>pgid=770>cid=1859dids=2607 & bledit=1
Information about these scholarship awards can be found at:

hittps:/ | wwmw.science.memaster.ca/ ees/ undergraduate/ undergrad-scholarships-awards. html# application-required

Or you can contact: giving@mcmaster.ca
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River Planet examines the world’s rivers from the perspective of
a geologist. Written in an engaging and accessible style, the text
is designed for the non-specialist reader interested in natural
and environmental history. Gibling takes on the huge task of
exploring rivers large and small throughout the planet’s history,
including the last few thousand years of human alteration of
Earth’s surface.

The book is divided into five basic sections. The first sec-
tion starts with a chapter that reviews the history of geological
thinking and explains how geologists interpret sedimentary
rocks and paleoenvironments (Figs. A, B). As with each of the
succeeding chapters, the vignettes and personal details of his-
torical figures make the story more appealing to the general
reader. The next chapter describes the geological histories of
the oldest terrestrial rivers and of Martian rivers. The third
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Figure A. Figure 1.5 from River Planet. Common river channel forms with the mod-
els’ front face showing the differences in channel outcrop.
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Figure B. Figure 1.6 from River Planet. False-colour image of Lena River Delta, Russia. Courtesy of United States Geological Survey.

chapter explores the geological history of interactions between
rivers and vegetation.

In the second section of the book, seven chapters explore
major rivers of specific geographic regions in the context of
tectonic and human history. Chapters on Africa, the southern
Pacific region (Australia, New Zealand, and Antarctica), Asia,
Europe, South America, and North America are followed by a
chapter on the ancient Canadian Bell River. Each of the chap-
ters in this section of the book illustrates key points about
rivers in the region, rather than providing a systematic or com-
plete list of all rivers and all river characteristics.

The third section focuses on the Quaternary Ice Age, with
chapters on continental ice sheets and river adjustments during
and after glaciation; megafloods during glacial retreat; and
ancient rivers drowned by rising sea level during the Quater-
nary.

The fourth section examines human interactions with
rivers, starting with prehistoric changes in land cover that
influenced river process and form, and then concluding with
two chapters focused on specific examples. These latter exam-
ples are the Saraswati River in India, in which flow largely
ceased as a result of Holocene climate change, and China’s Yel-
low River, which has been significantly altered through cen-
turies of artificial levee and dam construction.

The final section of the book examines engineered rivers,
with chapters on the effects of dams, mining, and pollution;

http://www.geosciencecanada.ca

large dams; the Saskatchewan River and the effects of multiple
dams; agriculture; urban rivers in London buried in pipes; and
river restoration.

River Planet is unique in providing an integrated view of
rivers in the context of geologic and human history. Gibling
describes rivers as endangered species. This insight grows from
a geologist’s understanding of deep time, geological history,
and biological evolution. Gibling also writes with a humanist
scholar’s appreciation of the individual personalities of
famous historical scientists and engineers. The heartfelt writing
makes the text a pleasure to read and the abundant, visually
appealing colour photographs and diagrams effectively illus-
trate concepts described in the text. Gibling also brings himself
into the book, opening and closing the text with descriptions
of his own experiences with rivers and deftly weaving personal
narrative into technical material throughout the book. In a
sense, River Planet is a personal retrospective on a successful life
and a career that included rivers across the planet and from
contemporary environments to those interpreted from the
rock record. The later sections of the book seem less coherent
in terms of a clear structure and progression of information
between chapters, but I think the book succeeds as a collection
of brief explorations of the diverse rivers of the world. As
such, it engages both the professional scientist and the reader
interested in natural history and provides a distinctive, geolog-
ical perspective on the world’s rivers.
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