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ABSTRACT

This contribution classifies detrital heavy mineral assemblages produced in contrasting geody-
namic settings, following the provenance scheme proposed by Dickinson and co-workers in the
late 1970s. The vital link with bulk-sediment detrital modes was established by systematically
coupling high-resolution heavy mineral and petrographic analyses on the same sample sets, in a
series of actualistic provenance studies carried out in key geological areas, characterised by arid
to semiarid climate.

Quartzofeldspathic to quartzose sands of “‘Continental Block Provenance” contain either
heavy-mineral-rich, hornblende-dominated assemblages derived from amphibolite-facies base-
ments exposed along rift escarpments and in cratonic shields, or heavy-mineral-poor suites with
commonly rounded ultrastable grains recycled from cover strata. Volcanic rifted margins shed
lithofeldspathic detritus with clinopyroxene-dominated suites (largely lilac-brown Ti-rich augite)
that commonly include olivine. Abundant clinopyroxenes (mostly green augite) and hypersthene,
associated with olivine or dark-brown to reddish-brown hornblende (oxyhornblende), character-
ise feldspatholithic sands of ““Magmatic Arc Provenance”. The proportion of mainly blue-green
hornblende increases progressively with erosion cutting deeper into the batholithic core of the arc
massif. Quartzolithic sands of “‘Orogenic Provenance” include suites dominated by amphiboles,
garnet, and epidote. The relative abundance of garnet (associated with subordinate staurolite,
kyanite, and sillimanite) and blue-green to green-brown hornblende increases with increasing
metamorphic grade of the sedimentary or igneous protoliths, respectively. Oman-type obduction
orogens shed abundant heavy minerals, dominated by mafic and ultramafic minerals derived from
the obducted ophiolite nappe. Apennine-type thin-skinned thrust belts provide heavy-mineral-poor
assemblages recycled from accreted passive-margin successions or foredeep turbidites.
Pyroxenes, derived from offscraped ophiolitic sequences, are locally present. The wealth of
information heavy minerals provide on the geology of source areas makes their analysis an
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extremely powerful complementary tool in provenance studies of sediments not modified by
diagenesis.

Keywords: heavy minerals; plate tectonics; continental rifts; cratons; magmatic arcs; orogenic belts

1. INTRODUCTION

The plate-tectonic revolution of the 1960s provided a new conceptual framework
in which to interpret the evolution of the Earth’s surface, leading to a new clas-
sification of sedimentary basins (Dickinson, 1974; Ingersoll and Busby, 1994). Pet-
rologic models relating detrital modes of sands and sandstones to their geodynamic
setting could thus be established (Dickinson and Suczek, 1979). Based on tabulated
detrital modes of 88 worldwide terrigenous suites of Precambrian to Holocene age,
Dickinson and Suczek defined three end-members: “Continental Block Provenance”,
“Magmatic Arc Provenance”, and “Recycled Orogen Provenance”, further subdi-
vided into sub-provenances and evolutionary trends (Dickinson, 1985). Such an
approach combined insight and simplicity, and represented a major breakthrough in
clastic petrology. Subsequent years proved the Dickinson model to be successful in
discriminating detrital signatures of contrasting plate-tectonic settings at continental
scale (Ingersoll, 1990; Potter, 1994), provided that complexities of natural processes
are taken into due account (including transition between tectonic regimes, long-
distance transport, and modifications induced by chemical weathering or diagenesis:
Mack, 1984; McBride, 1985; Johnsson, 1993).

A similar approach has been attempted for the chemical composition of sand-
stones (Schwab, 1975; Bathia, 1985), but with more limited success. Bulk-chemistry
data in fact show large overlaps (Potter, 1978; Maynard et al., 1982) and are mark-
edly influenced by a variety of processes (including grain size, mixing with in-
trabasinal grains, and diagenetic cementation, dissolution and replacement; Korsch
et al., 1993), which are best recognised and assessed with the aid of the petrographic
microscope (Roser and Korsch, 1986; Zuffa, 1987). The attempts made to investigate
the relationships between heavy mineral suites and tectonic setting (Stattegger, 1987,
Nechaev and Isphording, 1993) meet similar difficulties because of the great sen-
sitiveness of heavy minerals to diagenetic dissolution and hydraulic sorting (Gazzi,
1965; Mange and Maurer, 1992; Morton and Hallsworth, 1999).

The aim of the present work, which follows an exemplary rather than exhaustive
approach, is to describe and classify detrital heavy mineral assemblages produced in
contrasting geodynamic settings within the same conceptual scheme (Fig. 1) as that
proposed by Dickinson and coworkers (Dickinson and Suczek, 1979; Dickinson,
1985; Ingersoll, 1990). In order to establish the link between sediment mineralogy
and Dickinson’s provenance types, we systematically coupled heavy mineral and
petrographic analyses on the same sample sets, drawing from numerous case
histories carried out with the same analytical methods in key geologic areas (Fig. 2).
The cases considered here are all from modern settings, where tectonic processes and
geology of source terranes are known in detail, and principally from the arid tropical
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PLATE TECTONIC GEODYNAMIC MAIN PROVENANCE EROSION LEVEL
SETTING REGIME PROVENANCE SUB-TYPE shallow —— intermediate deep
Undissected Transitional Dissected
INTRAPLATE CRATON Craton Craton Craton
NO __ CONTINENTAL RIFT SHOULDER Undissected Transitional Dissected
SUBDUCTION BLOCK (passive rifts) Rift Shoulder Rift Shoulder Rift Shoulder
DIVERGENT /
PLATE MARGIN VOLCANIC
RIFTED MARGIN Undissected Transitional Dissected
(active rifts) Volcanic Margin Rift Shoulder
OCEANIC Undi Tr iti Di
SUBDUCTION — MAGMATIC ARC Arc A T Arc
CONVERGENT OBDUCTION OROGEN Obducted Subducted
PLATE MARGIN 3 N y —_— .
\ (thick skinned) ophiolite nappe continental margin
CONTINENTAL OROGENIC —— COLLISION OROGEN  verylow-grade _ low-grade __ medium-grade
SUBDUCTION (thick skinned) axial nappes axial nappes axial nappes

THRUST BELT* Offscraped ophiolites,
(thin skinned) accreted turbidites,
passive-margin strata

*Thick-skinned external belts of collision orogens (Garzanti et al. 2004 a) are not included in this scheme

Fig. 1. Provenance scheme adopted in the present work. Provenance terms introduced by
Dickinson and Suczek (1979) and Dickinson (1985) are in bold.

to semiarid Mediterranean climatic belt, where chemical weathering can be
considered to be negligible. Detrital signatures can thus be held as primary and
used as a reference for provenance interpretation of ancient clastic suites deposited
in comparable geodynamic settings.

2. METHODS
2.1. Analytical Procedures

In all of our provenance studies we adopted the same standard methods for heavy
mineral separation and analysis (Parfenoff et al., 1970). Loose sand samples were
either dry or wet sieved. The very fine- to fine-grained sand fraction (63-250 um) was
selected and treated with acetic and oxalic acids to eliminate carbonates and iron
oxides, respectively. Heavy minerals were separated with sodium metatungstate
(density 2.90 g/cm®). For each sample, at least 200 points were counted in grain
mounts according to the “ribbon-counting” or “Fleet” methods (Mange and
Maurer, 1992).

2.2. The Representation of Heavy Mineral Assemblages

The potential of heavy mineral studies owes much to the great number of different
species found in sediments (some 50 varieties of frequent occurrence). On the other
hand, such numerous detrital species cannot be grouped easily into the few basic
parameters that can be plotted in binary or ternary diagrams, and there is no
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Fig. 2. Map of the key natural laboratories that we used to establish the relationships between plate-tectonic setting and heavy mineral suites of
modern sands. For more information on geological framework and full analytical data the reader may refer to the following provenance studies: (1)
Western and Central Alps (Garzanti et al., 2004a); (2) Apennines and Tyrrhenian Sea (Garzanti et al., 1998; 2002a); (3) Aegean Arc (Mezzadri and
Saccani, 1989); (4) Troodos and Kizildag ophiolites (Garzanti et al., 2000); (5) Levant margin and Northern Red Sea (own unpublished data); (6)
Nile river system (Garzanti et al., 2006); (7) Southern Red Sea and Gulf of Aden (Garzanti et al., 2001); (8) Arabian deserts (Garzanti et al., 2003);
(9) Sama’il and Masirah ophiolites (Garzanti et al., 2002b); (10) Indus River system (Garzanti et al., 2005); (11) Brahmaputra River system
(Garzanti et al., 2004b).
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established way to classify heavy minerals for this purpose. Nechaev (1991; see also
Nechaev and Isphording, 1993) proposed a three-end-member genetic classification,
based on subtle distinctions (e.g., pale-coloured and blue-green amphiboles of the
tremolite-actinolite-hornblende series are lumped with epidote and garnet in his MT
end-member, diagnostic of mafic metamorphic provenance, whereas green-brown
hornblende is grouped with pyroxenes and olivine in his MF end-member, indicative
of mafic igneous provenance).

A different approach designed to reduce a great number of species into a limited
number of factors is the use of statistical techniques (Imbrie and Van Andel, 1964;
Klovan and Imbrie, 1971; Derkachev and Nikolajeva, 2007—this volume; Thamo-
Bozs6 and Kovacs, 2007—this volume). The principal inconvenience of this method
is that the identified end-members emerge as artefacts of elusive significance, while
the actual direct information provided by the raw data set remains concealed.

2.3. The Ten Key Indices

As a settlement between the need to consider the full spectrum of minerals present in
each sample and the ability to compare heavy mineral assemblages of many different
samples, we define here 10 relatively homogeneous standard groups of transparent
heavy minerals with similar provenance implications (Table 1). These can be either
combined further into supergroups (e.g., triangular plots) or split into subgroups, as
required by the specific case under scrutiny.

The four most common transparent heavy minerals in modern sands are the
amphibole, pyroxene, epidote, and garnet groups. Within the amphibole group, we
choose to separate (1) the widely abundant calcic amphiboles (Hb = hornblende)
from (2) all of the other species (&A = other amphiboles, including minerals of key
significance, such as glaucophane). An obvious distinction, among the pyroxene
group, is between (3) clinopyroxenes (CPX, including augite and diopside), and
(4) orthopyroxenes (OPX, including enstatite and hypersthene). We group (5) all
minerals characterising prehnite-pumpellyite-facies, blueschist-facies, and green-
schist-facies metamorphic source rocks as LgM (LgM = “low-grade minerals’:
epidote, clinozoisite, zoisite, allanite, piemontite, prehnite, pumpellyite, carpholite,
lawsonite, chloritoid). (6) Garnet is considered separately (Gt) and (7) species chiefly
derived from amphibolite-facies metasediments are categorised as HgM
(HgM = “high-grade minerals”: staurolite, andalusite, kyanite, and sillimanite).
We finally group (8) olivine and spinel, mostly derived from mafic and ultramafic
rocks (OS), and (9) the ultrastable minerals zircon, tourmaline, and rutile (ZTR),
which tend to form a residual concentrate in both recycled modern sands and ancient
sandstones affected by diagenesis (Hubert, 1962); (10) all remaining transparent
heavy minerals are combined in the last index (T&, including the titanium minerals
sphene, anatase, and brookite, as well as monazite, xenotime, apatite, and barite,
found in traces in felsic igneous or sedimentary source rocks).

These 10 indices are conventionally tabulated in the following order that mainly
represents petrogenetic suites: ultrastable to relatively stable minerals, mainly de-
rived from sedimentary and felsic igneous source rocks (ZTR, T&), minerals chiefly
provided by low- to high-grade metamorphic source rocks (LgM, Gt, HgM), and
amphiboles (Hb, &A), pyroxenes (CPX, OPX), olivine and spinel (OS) largely



746 Chapter 29: Plate Tectonics and Heavy Mineral Suites of Modern Sands

Table 1. Recalculated key indices for a synthetic representation of heavy mineral assemblages

HMC Heavy mineral concentration index (Garzanti and Ando, 2007—this volume)

% Identified transparent heavy minerals/total heavy minerals

Transparent

% Opaque Opaque heavy minerals/total heavy minerals

% Turbid Altered unidentified heavy minerals/total heavy minerals

ZTR Ultrastable minerals (Z = zircon; T = tourmaline; R = rutile)

T& Titanium minerals (sphene, anatase, brookite) + others (e.g., apatite, monazite,
barite)

LgM Low-grade metamorphic minerals (e.g., epidote-group, chloritoid, carpholite,
lawsonite)

Gt Garnet

HgM High-grade metasedimentary minerals (staurolite, andalusite, kyanite,
sillimanite)

Hb Hornblende

&A Other amphiboles (including glaucophane, tremolite, actinolite)

CPX Clinopyroxenes

OPX Orthopyroxenes

(0N Olivine (O) + spinel (S)

HCI = (1/3 green hornblende + 2/3 green-brown hornblende + brown hornblende)/
hornblende x 100
MMI = (1/3 staurolite +2/3 kyanite + sillimanite)/(chloritoid + staurolite + kyanite +
sillimanite) x 100

% Rounded Rounded transparent heavy minerals/total transparent heavy minerals

supplied by intermediate, mafic, and ultramafic igneous or meta-igneous source
rocks. It must be noted that the LgM and HgM categories are not labelled rigorously
(e.g., epidote, here included in the LgM pole, may persist well into medium-grade
metamorphism: Winkler, 1976). Although high-pressure/low-temperature metamor-
phic minerals (e.g., carpholite, lawsonite, glaucophane) have a great diagnostic
significance in provenance studies (e.g., Mange-Rajetzky and Oberhénsli, 1982),
their separation in a distinct group is impractical because it requires distinctions that
cannot be done under the microscope (e.g., Mg- vs. Fe-rich chloritoid) and a rather
arbitrary split of the “other amphiboles™ category.

2.4. Other Useful Indices

The basic string of 10 primary compositional parameters defined above can be sup-
plemented by a set of secondary parameters providing detailed and crucial informa-
tion. These may include concentration parameters (HMC, tHMC, and SRD
parameters defined in Garzanti and Ando, 2007—this volume), as well as ratio
parameters based on heavy mineral species either with highest density and chemical
stability (in order to reveal the effects of hydraulic sorting and diagenetic dissolution;
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% opaque, % ultradense, % ZR defined in Garzanti and Ando, 2007—this volume),
or with similar density and chemical stability and therefore characterised by similar
behaviour during transport, deposition, and diagenesis (in order to reveal provenance
specifically in sandstones modified by diagenesis: Morton and Hallsworth, 1994).

Other parameters, quite helpful in the study of orogenic sediments to estimate the
average metamorphic grade of source rocks, are the hornblende colour index (HCI:
Garzanti et al., 2004a) and the metasedimentary minerals index (MMI). The latter is
defined here as the weighted sum of the relative percentage of the four index minerals
most commonly found in low- to high-grade metasediments (chloritoid, staurolite,
kyanite, and sillimanite; Table 1). MMI and HCI indices vary from 0 in greenschist-
facies to lowermost amphibolite-facies rocks (yielding chloritoid and blue-green
amphibole), to 100 in granulite-facies rocks (yielding sillimanite and brown
hornblende).

3. CONTINENTAL BLOCK PROVENANCE AND HEAVY MINERAL
SUITES

Quartzofeldspathic to quartzose sands of “Continental Block Provenance”
(“Uplifted Basement” to ‘““Craton Interior” subprovenances of Dickinson and
Suczek, 1979) are deposited along young continental rifts and mature passive
continental margins, respectively. The source of detritus is the continental crust,
either disrupted by extensional tectonic processes and exposed along rift-shoulder
escarpments, or representing the backbone of vast but low-relief cratonic areas.

3.1. Rifted-Margin Provenances

The most spectacular modern example of an active rift is the Dead Sea-Red Sea-Gulf
of Aden system. Successive evolutionary stages are documented from north to south,
from continental wrenching along the Levant fault, to diffuse extension in the
northern Red Sea, to initial spreading in the southern Red Sea, to full spreading
along the Sheba Ridge (Cochran, 1981, 1983; Rihm and Henke, 1998).

Heavy mineral suites in volcaniclastic, to sedimentaclastic, to basementaclastic
detritus produced along this divergent plate margin from Syria to Oman depend
directly and primarily on the intensity of tectonic and magmatic activity in the source
terrane (Garzanti et al., 2001, 2003). Three provenance end-members are recognised
(Table 2).

Along rift segments associated with prominent volcanic activity, as in the south-
ernmost Red Sea where extensive magmatism controlled by the Afar Plume began in
the Oligocene (Davison et al., 1994; Ukstins et al., 2002), heavy mineral suites are
invariably dominated by lilac-brown and subordinately green augite, locally associ-
ated with olivine and brown hornblende (“Volcanic Rifted Margin Provenance™).

Rift segments where volcanic activity is minor are characterised either by con-
tinuous exposures of pre-rift sedimentary successions (‘“‘Undissected Rift Shoulder
subprovenance’) or by extensive outcrops of the underlying basement rocks (“‘Dis-
sected Rift Shoulder subprovenance™), depending on pre-rift stratigraphy as well as
on the intensity and duration of uplift associated with tectonic extension. Quartzose



Table 2. Modern heavy mineral suites of “Continental Block Provenance”

No. HMC % tum % opum % tupm ZTR T& LgM Gt HgM Hb &A CPX OPX OS HCI MMI Y%
Rounded

Volcanic rifted margin provenance

Levant Margin (Harrat Ash Shams) 3 21 75 16 10 0 0 1 0 0 0 0 79 0 20 nd. n.d. 0

Gulf of Aden (Shugrah) 1 32 91 1 8 0 0 0 0 0 8 0 75 0 17 100 n.d. 0

Southern Red Sea (Ethiopian 2 36 74 22 4 0 0 11 0 0 3 0 79 1 5  nd. n.d. 0
Traps)

Southern Red Sea (Yemen Traps) 11 15 74 18 9 0 1 8 0 0 6 0 84 1 0 nd n.d. 2
Undi d rift shoulder pr e

Levant Margin 2 0.3 40 9 51 80 5 2 1 0 9 0 4 0 0 15 n.d. 19

Northern Red Sea 3 1 32 27 41 30 6 20 3 6 19 1 15 0 0 31 33 22

Gulf of Aden 8 1 52 39 9 24 1 27 15 1 24 1 4 2 1 27 35 23
Dissected rift shoulder pr e

Northern Red Sea 11 9 55 27 18 6 9 12 1 1 53 1 16 0 0 11 39 13

Southern Red Sea 4 12 92 5 3 1 2 17 1 0 62 2 14 0 0 9 nd. 8

Gulf of Aden 10 13 87 8 5 2 2 11 2 1 72 2 5 3 1 11 34 1
Cratonic provenance

Northeastern Africa 8 1 35 4] 24 30 2 29 9 14 10 0 3 1 0 7 43 39

Arabia 12 0.9 69 18 13 7 0 49 15 1 17 2 5 2 1 38 28 20

Northern India 7 5 75 11 14 14 4 14 11 2 47 2 5 1 0 16 62 5

Note: %Transparent = %tym, %Opaque = %opum, % Turbib = %tuyym.
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to carbonaticlastic sands of “Undissected Rift Shoulder subprovenance have lim-
ited amount and low-diversity heavy mineral suites with commonly rounded ultras-
table grains, testifying to extensive recycling of pre-rift strata. Quartzofeldspathic
sands of “Dissected Rift Shoulder subprovenance™ yield, by contrast, abundant
heavy minerals with assemblages that are dominated by mainly blue-green to green-
brown hornblende grains from amphibolite-facies basement rocks.

As typically occurs in nature, all intermediate cases exist, both between “Volcanic
Rifted Margin” and “Rift Shoulder”” Provenances, and between “Undissected Rift
Shoulder” and ‘““Dissected Rift Shoulder” subprovenances (Fig. 3). Because heavy
minerals are supplied in much greater abundance by volcanic or basement rocks than
by sedimentary successions, sands of “Transitional Rifted-Margin” or “Transitional
Rift Shoulder” subprovenances are typically poor in heavy minerals (with suites
dominated by augite or hornblende, respectively), and contain rounded ultrastable
minerals only in subordinate quantities. In areas where upper crustal levels are
widely preserved within basement complexes, modern sands may include abundant
to dominant epidote (e.g., detritus from the shallow roots of ancient magmatic arcs)
or garnet and staurolite from lower-amphibolite-facies metasediments.

3.2. Craton Provenance

Heavy minerals of quartzose to quartzofeldspathic sands derived from cratonic
shields are comparable with “Rift Shoulder” suites (Fig. 3). A low heavy mineral
content with commonly rounded ultrastables, epidote, garnet, staurolite, and kyanite
characterises areas where upper-crustal basement levels and cover strata are widely
preserved (““Undissected Craton subprovenance’). Instead, deeply eroded shield
areas where amphibolite-facies middle-crustal levels are extensively exposed (“‘Dis-
sected Craton subprovenance”) supply abundant heavy minerals, with assemblages
dominated by mainly blue-green to green and brown hornblende.

RIFTED-MARGIN UNDISSECTED CRATONIC
PROVENANCES PROVENANCE
RIFT SHOULDER Northeastern
Africa
NDISSECTED
Eastern CRATON
7| Gulf of Aden Southeastern
TRANSITIONAL Arabia
RIFT SHOULDER Northern
3] Red Sea TRANSITIONAL
MARGIN
DISSECTED o Levant
RIFT SHOULDER 1
Gulf ofu Margin
Sinai  Suez
5] southern Ethiopian DISSECTED
Red Sea VOLCANIC Tiaps CRATON
Western MARGIN Harrat Ash
Gulf of Aden Yemen Traps yonams
A Shugrah ~ POS A POS

Fig. 3. “Continental Block Provenance” and heavy mineral suites. & = all transparent heavy
minerals not included in the other two poles. A = Hb + &A = total amphiboles. POS = CPX
+OPX + OS = pyroxenes, olivine, and spinel. Parameters defined in Table 1. 90% confidence
regions about the mean calculated after Weltje (2002).
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4. MAGMATIC ARC PROVENANCE AND HEAVY MINERAL SUITES

Lithofeldspathic detritus derived from volcanic arcs is typified by pyroxene-
dominated heavy mineral assemblages (““Undissected Arc subprovenance’). These
include only a limited number of diagnostic species, which display the narrow range
of chemical compositions typical of orogenic magmatism (Ewart, 1976). The two
dominant minerals are augite, found in the vast majority of orogenic lavas, and
hypersthene, absent in basalts but widespread in andesites. Olivine, ubiquitous in
basalts, is found even in felsic andesites. Hornblende is common in medium- to high-
K felsic andesites and dacites, frequently associated with biotite. The ratio of
orthopyroxene to clinopyroxene phenocrysts typically increases with increasing silica
contents, and orthopyroxene is generally antipathic with both olivine and horn-
blende (Gill, 1981). Other clinopyroxenes are pigeonite (tholeiitic andesites lacking
olivine) and clinoenstatite (boninites). Magnetite (relatively Ti-poor titanomagnetite)
is the dominant opaque mineral. Garnet and spinel (locally occurring as inclusions in
olivine phenocrysts) are infrequent.

Quartzofeldspathic detritus from calc-alkaline batholiths, representing the
remnants of eroded arcs, is hornblende-dominated (Fig. 4; “Dissected Arc subprov-
enance’’). Mixed assemblages, including augite and hypersthene from volcanic
covers, associated in various proportions with hornblende and subordinate epidote
from the plutonic roots and metamorphic wallrocks of the arc massif (““Transitional
Arc subprovenance”) are frequently found in Circum-Pacific sands. These range
from the western Pacific (Murdmaa et al., 1980; Sato, 1981; Nechaev, 1991) to the
Bering Sea and Gulf of Alaska (Knebel and Creager, 1974; Slatt and Piper, 1974;
Stewart, 1976), to offshore North America (Scheidegger et al., 1973; Nechaev and
Isphording, 1993; Zuffa et al., 2000), Middle America (Ross, 1971; Bachman and
Leggett, 1982; Enkeboll, 1982; Prasad and Hesse, 1982), South America (Thornburg
and Kulm, 1987), and as far as the Antarctic Peninsula (Peters and Hollister, 1976).
The correspondence with Dickinson’s provenance fields was established on petro-
graphic information either available on the same sample sets (Stewart, 1976; Thorn-
burg and Kulm, 1987; Zuffa et al., 2000) or found in Marsaglia and Ingersoll (1992).

4.1. Modern Sands from Circum-Pacific Volcanic Arcs

Heavy mineral assemblages in Circum-Pacific lithofeldspathic volcaniclastic sands
(Dickinson, 1982; Marsaglia and Ingersoll, 1992) have a variable clinopyroxene/
orthopyroxene ratio (Table 3). Clinopyroxene dominates in beach placers of the
Tonga islands, where olivine is locally present and hornblende invariably absent
(Dye and Dickinson, 1996). Augite-olivine and augite-hypersthene assemblages
characterise turbidites of the West Philippine Basin and Parece Vela to Mariana
basins, respectively (Nechaev, 1991). Turbidites of the Izu-Bonin Arc display a
temporal trend from abundant augite with common orthopyroxenes and minor
hornblende in the Oligocene, to prevalent orthopyroxenes, augite, and locally olivine
in the Pleistocene (Fujioka and Saito, 1992). Orthopyroxene prevails in beach sands
of northern Hokkaido (Noda, 2005) and Kamchatcka. Hornblende is common in
many Solomons and some Bismarck and Vanuatu (New Hebrides) sands (W.R.
Dickinson, Written Communication, 2004).
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Fig. 4. “Magmatic Arc Provenance” and heavy mineral suites. The double triangle below
discriminates between intraoceanic (largely basalts and basaltic andesites) and continental
(commonly felsic andesites to rhyolites) ‘“Undissected Arc subprovenance”. Modern beach
sands from Miocene peralkaline rhyolites of southwestern Sardinia (S. Pietro Island) include
sodic amphiboles and pyroxenes (abundant arfvedsonite, minor aegirine). & = all transparent
heavy minerals not included in the other two poles. A = Hb+&A = total amphiboles.
POS = CPX +OPX+ OS = pyroxenes, olivine, and spinel. Parameters defined in Table 1.
90% confidence regions about the mean calculated after Weltje (2002). Data for Roman
Province and Aegean Arc mostly from Gandolfi and Paganelli (1984) and Mezzadri and
Saccani (1989), respectively. Data for Circum-Pacific arcs after various sources cited in text.

4.2. Modern Sands from Mediterranean Volcanic Arcs

River and beach sands from silica-saturated felsic products of the Tuscan Province
(central Italy) are characterised by yellow-green hypersthene (Serri et al., 1993),
which is either dominant (Mt. Amiata) or subordinate to green augite and associated
with oxyhornblende and biotite (Capraia Island). Detritus from slightly to strongly
undersaturated potassic to ultrapotassic lavas of the Roman Province (central and
southern Italy) are dominated by green augite, with minor hornblende,



Table 3. Modern heavy mineral suites of “Magmatic Arc Provenance”

No. HMC %tgm %opum  %tuym ZTR T& LgM Gt HgM Hb &A CPX OPX oS HCI MMI % Rounded
Undissected magmatic arc prov e
Mediterranean Arcs
Tuscan Province 2 6 86 3 11 0 0 0 1 0 2 0 32 65 0 100 n.d. 0
Roman Province 57 32 90 5 5 0 0 1 3 0 3 0 90 0 2 79 n.d. 0
Aeolian Arc 11 47 86 5 9 0 0 0 0 0 6 0 73 15 6 n.d. n.d. 0
Aegean Arc 38 22 84 2 13 0 1 2 0 1 2 4 46 43 0 100 n.d. 1
Pacific Arcs
Tonga 7 91 n.d. 11 n.d. 0 0 0 0 0 0 0 86 14 Trace n.d. n.d. n.d.
Philippines 9 n.d. n.d. 25 n.d. 0 1 4 0 0 6 0 69 4 16 n.d. n.d. n.d.
Parece Vela 21 n.d. n.d. 25 n.d. 0 0 2 0 0 3 0 72 23 0 n.d. n.d. n.d.
Mariana 47 n.d. n.d. 18 n.d. 0 0 1 0 0 2 0 75 21 0 n.d. n.d. n.d.
Izu-Bonin 99 n.d. n.d. n.d. n.d. 0 0 0 0 0 0 0 46 51 2 n.d. n.d. n.d.
Hokkaido 28 20 n.d. 15 n.d. 0 0 0 0 0 0 0 35 65 0 n.d. n.d. n.d.
Kamchatka 1 83 67 25 8 0 0 0 0 0 2 0 32 62 3 n.d. n.d. 1
Dissected tic arc pro
Alpine batholiths 5 14 85 12 2 3 4 15 0 0 78 0 0 0 0 7 n.d. 0
Himalayan batholiths 5 25 80 8 12 1 3 16 0 0 69 3 4 4 0 16 n.d. 0

Note: Data for Roman Province and Aegean Arc mostly from Gandolfi and Paganelli (1984) and Mezzadri and Saccani (1989), respectively. Data for Circum-Pacific

arcs after various sources cited in text.
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oxyhornblende, olivine, chrome spinel, and locally significant melanite (Gt up to 15)
(Gandolfi and Paganelli, 1984; Peccerillo, 1985; Garzanti et al., 2002a).

Green augite is widespread in the heavy mineral-rich beach sands of the Acolian
Arc. High-K basalts and basaltic andesites of Stromboli Island also supply abundant
olivine, whereas felsic andesites, dacites, and rhyodacites of Panarea Island (Ca-
lanchi et al., 2002) also contribute abundant yellow-green hypersthene and dark-
brown hornblende. Rhyolite-derived sands on Lipari Island contain fewer heavy
minerals. Detrital green to pale-green clinopyroxene and hypersthene are largely
xenocrysts, derived from more mafic enclaves and pumices within felsic lava domes
and pyroclastic deposits (Gioncada et al., 2003). Beach to turbidite sands derived
from the Aegean Arc are dominated by augite and hypersthene, with minor oxy-
hornblende and trace olivine (Mezzadri and Saccani, 1989).

4.3. Modern Sands from Alpine and Himalayan Batholiths

The deeply eroded roots of ancient magmatic arcs, representing the Cretaceous-
Eocene Asian active margin of Neotethys, are exposed all along the Indus-Tsangpo
suture from Pakistan to Burma (Gansser, 1980). Quartzofeldspathic detritus from
these Transhimalayan batholiths include dominant blue-green to more rarely green
and brown hornblende, associated with epidote, clinopyroxenes, hypersthene, and
sphene (Garzanti et al., 2004b, 2005). Abundant epidote and minor actinolite are
supplied locally by greenschist-facies metamorphosed arc rocks. Similar signatures,
with dominant blue-green to more rarely green and brown hornblende, along with
epidote, minor sphene or zircon, and trace monazite, characterise quartzofeldspathic
detritus from Tertiary Alpine plutons (Bregaglia, Adamello).

5. OROGENIC PROVENANCE AND HEAVY MINERAL SUITES

Orogenic provenance is a complex subject, difficult to deal with in brief because
each thrust belt has its own tectonic style, peculiar rock assemblage, and stacking
pattern. Moreover, orogenic belts commonly incorporate remnants of ophiolitic
complexes and magmatic arcs, eroded to various levels along the suture zone (the
latter contributing detritus of “Magmatic Arc Provenance’), and basement slivers
overlain by passive-margin strata along the external flanks (contributing detritus of
“Continental Block Provenance™).

Different classes of orogens, defined as allochthonous tectonic prisms formed in
the hangingwall of subducting continental crust, exist. They include Alpine or Hi-
malayan-type thick-skinned collision orogens, Oman-type ophiolite-capped obduct-
ion orogens, and Apennine-type thin-skinned thrust belts (Cawood, 1991; Michard
et al., 1991; Doglioni et al., 1999; Garzanti et al., 2002b).

5.1. Modern Sands from the Alpine Collision Orogen
The Alps are a double-vergent thick-skinned orogen formed by continental collision

(Pfiffner et al., 1997). Alpine calc-alkaline magmatic rocks are confined to tonalite-
granodiorite plutons and associated andesite dike-swarms intruded along the
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Periadriatic Zone (e.g., Bregaglia, Adamello). The axial metamorphic backbone of
the orogen incorporates remnants of the thinned distal edges of collided continental
margins and intervening oceanic rocks, which underwent attempted subduction and
high-pressure metamorphism in the early orogenic (Late Cretaceous-Eocene) stage
(Dal Piaz, 1999; Gebauer, 1999). The external belts on both sides of the orogen
(Southalpine and Helvetic-Dauphinois Zones) include inverted listric wedges of Eu-
ropean and Adriatic basements along with their covers that experienced negligible to
lower-amphibolite-facies Tertiary metamorphism (Frey et al., 1999).

Heavy mineral suites of Alpine-derived modern sediments are primarily related to
structural level of source rocks (Garzanti et al., 2004a). Quartzofeldspathic gneiss-
iclastic detritus derived from the amphibolite-facies Lepontine Dome of the Central
Alps include abundant hornblende. The abundance of hornblende grains in sands
carried by local streams increases from the periphery to the core of the dome, while
their most frequent colour changes from exclusively blue-green to green, green-
brown, and locally brown, reflecting compositional changes with increasing meta-
morphic grade (Miyashiro, 1972, p. 254). Epidote-group minerals, actinolite, or
garnet are most abundant in sands carried by rivers draining the periphery (or partly
outside) of the dome. Pyroxenes, staurolite, kyanite, and sillimanite are invariably
subordinate; olivine occurs locally.

Quartzolithic metamorphiclastic detritus derived from the high-pressure meta-
morphic nappes exposed extensively in the Western Alps, as well as in the Engadine
and Tauern windows of the Eastern Alps, contain dominant epidote, largely re-
flecting extensive retrogression at greenschist facies. High-pressure minerals include
carpholite, zoisite, Mg-chloritoid, glaucophane, and Mg- and Ca-rich almandine
garnet. Meta-ophiolites supply heavy mineral-rich sediment with amphiboles (ac-
tinolite, blue-green barroisitic hornblende, glaucophane), and minor pyroxenes.
Continental basements contribute abundant garnet and, locally, even sillimanite,
hypersthene, and brown hornblende from pre-Alpine granulite-facies relics (e.g.,
Dent Blanche Nappe). Metasedimentary covers provide mostly turbid grains and a
few ultrastable heavy minerals.

Lithoquartzose sedimentaclastic detritus derived from sedimentary thrust sheets
(Liguride remnant-ocean turbidites in the Western Alps, Austroalpine platform
carbonates and clastics in the Eastern Alps) are very poor in heavy minerals, which
largely consist of recycled grains (ultrastables, garnet, staurolite). Oceanic turbidites
also supply amphiboles, pyroxenes, and chrome spinel. Reactivated basement slivers
of the external belts contribute heavy mineral suites similar to those contained in the
sands of “Dissected Continental Block™ subprovenances.

5.2. Modern Sands from the Himalayan Collision Orogen

The Himalaya is the paradigm of a thick-skinned belt produced by continent—con-
tinent collision (Hodges, 2000). In contrast to the Alps, the Himalaya includes a
passive margin on the Indian side (North Himalaya, Tethys Himalaya, Greater
Himalaya, and Lesser Himalaya zones; Le Fort, 1996) and a fully developed active
margin on the Asian side (Transhimalaya zone), separated by the Indus-Tsangpo
suture (Gansser, 1980). Only the two largest fluvial systems, the Indus and the
Tsangpo-Brahmaputra, drain the Asian active margin. Their sands contain high
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proportions of heavy minerals, dominated by blue-green hornblende associated with
epidote, garnet, and kyanite. Such a signature is unique with respect to any other
major river sourced in the Himalaya or in the Alps (Fig. 5). Although it partly
reflects contributions from Transhimalayan batholiths, it is largely related to another
peculiarity of the two systems, that have about a fourth of their sediment load
produced by super-fast erosion of the western and eastern Himalayan syntaxes
(Garzanti et al., 2004b, 2005). Upper-amphibolite-facies mid-crustal levels are here
unroofed at the core of crustal-scale antiforms, at rates up to Smm per year (Burg et
al., 1998; Rolland et al., 2001). Contributions from ophiolitic mélanges and volcan-
iclastic suites exposed along oceanic suture zones (pyroxenes, olivine, chrome spinel,
glaucophane) are negligible. All of the other major Himalayan rivers, including the
Ganga, chiefly drain the Greater and Lesser Himalaya zones along the southern
flank of the range. Their load is significantly poorer in heavy minerals, and comprise,
in order of abundance, blue-green to green and locally brown hornblende, garnet,
epidote, clinopyroxene, kyanite, and sillimanite (Table 4).

5.3. Modern Sands from Oman-Type Obduction Orogens

The best-studied obducted ophiolite belt on Earth is spectacularly exposed in north-
ern Oman, where a thick-skinned thrust belt was generated by attempted subduction
of the eastern Arabian continental platform underneath an oceanic plate (Glennie et
al., 1974; Searle and Cox, 1999). Modern sands produced in such a geodynamic
setting contain abundant mafic and ultramafic minerals, derived from the obducted
oceanic lithosphere (Table 4; Garzanti et al., 2000, 2002b).

Mantle harzburgites supply enstatitic orthopyroxene, associated with olivine and
minor chrome spinel. Olivine and chrome spinel are subordinate for contrasting
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Fig. 5. “Orogenic Provenance” and heavy mineral suites. & = all transparent heavy minerals
not included in the other two poles. A = Hb+ &A = total amphiboles. POS = CPX + OP-
X+ OS = pyroxenes, olivine, and spinel. Parameters defined in Table 1. 90% confidence re-
gions about the mean calculated after Weltje (2002). Data for Po delta and Internal Liguride
units include analyses by Gazzi et al. (1973) and Gandolfi and Paganelli (1975). End-member
compositions calculated after selected data from provenance studies listed in Fig. 2.



Table 4. Modern heavy mineral suites of “Orogenic Provenance™

No. HMC Yotum %0Pum Y%otupm ZTR T& LgM Gt HgM Hb &A CPX OPX OS HCI MMI % Rounded
Collision orogen provenance
Himalaya
Indus River 12 12 84 7 9 2 2 24 13 3 48 2 3 3 0 12 61 0
Brahmaputra River 8 11 89 6 6 3 2 25 11 1 53 2 3 1 0 8 73 0
Ganga River 12 4 88 5 7 7 2 14 28 9 31 2 6 0 0 9 71 1
Other rivers 18 4 83 8 9 7 2 19 28 6 30 2 5 0 0 13 67 1
Alps
Po River 17 11 77 12 11 3 2 33 31 3 15 7 4 3 0 38 47 0
Rhone River 4 4 61 14 25 6 2 39 18 1 23 3 9 0 0 25 61 1
Rhine River 1 3 36 20 44 9 1 51 9 0 24 7 1 0 0 6 n.d. 0
Inn River 3 3 71 12 17 3 1 30 26 6 28 5 0 0 0 3 32 0
Drau River 5 6 78 6 15 3 2 37 33 2 20 1 1 0 0 6 32 0
Obduction orogen provenance
Obducted ophiolite nappe
Internal Liguride 21 4 67 11 22 1 1 6 4 0 12 3 65 5 4 77 17 0
Troodos 7 20 87 3 9 0 0 27 0 0 6 9 53 5 1 28 n.d. 1
Bela and Waziristan 2 18 65 6 29 1 0 24 0 0 8 3 50 9 6 25 n.d. 0
Masirah 7 24 70 11 19 1 0 24 1 0 17 10 42 2 2 30 n.d. 3
Sama’il 24 32 80 9 11 0 0 6 0 0 8 5 20 47 14 57 n.d. 0
Kizildag 5 30 92 1 6 0 0 1 0 0 2 3 20 42 32 19 n.d. 2
Subducted continental margin units
Saih Hatat 4 31 43 26 31 5 0 58 5 0 4 12 10 5 0 nd. n.d. 1
Thrust belt provenance
Apennines 93 2 59 9 32 5 3 17 35 3 8 6 17 5 2 nd 36 n.d.

Note: Data for Po delta and Internal Liguride units include analyses by Gazzi et al. (1973) and Gandolfi and Paganelli (1975).
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reasons (Garzanti and Ando, 2007—this volume). The former, abundant in the
source rocks but chemically very unstable, is selectively destroyed by serpentinizat-
ion before, during, and after obduction (Wenner and Taylor, 1974) or by weathering
in sedimentary environments. The latter, chemically stable but sparse in the source
rocks, is concentrated only in detritus derived from very-extensively serpentinised
peridotites, or by sedimentary processes including intense weathering in equatorial
climates, hydraulic sorting, and recycling.

Lower-crustal gabbroic rocks release not only abundant pyroxenes, including
diopside or diallage but also significant green-pink hypersthene from noritic gabbros
generated in supra-subduction settings (Lachize et al., 1996). Subordinate horn-
blende is chiefly derived from isotropic high-level gabbros. Sheeted-dyke complexes,
intensely altered during oceanic metamorphism, supply diopsidic clinopyroxenes,
actinolitic amphiboles, locally abundant epidote, and significant hypersthene in
supra-subduction settings. Lavas contribute dominantly pyroxenes (green to brown
augite, along with yellow-green orthopyroxene in supra-subduction settings).

When and where erosion bites into the continental roots of the orogen beneath the
ophiolite nappe, detritus displays features similar to ““Collision Orogen Provenance”.
Modern sands derived from blueschist- to eclogite-facies subducted remnants of the
Arabian outer continental margin contain epidote-dominated assemblages with
carpholite, lawsonite, glaucophane, and garnet, which is comparable with those
derived from high-pressure units of the Western Alps (Garzanti et al., 2004a).

5.4. Modern Sands from Apennine-Type Thrust Belts

Thin-skinned thrust belts, chiefly consisting of allochtonous passive-continental-
margin successions, provide few and largely recycled heavy minerals. Unroofed
metamorphic complexes may locally supply a few low-grade or high-pressure
minerals (e.g., epidote, chloritoid).

Heavy mineral suites of Apennine-derived sands largely include clinopyroxenes
from either offscraped ophiolites (diallage; Northern Apennines) or Quaternary
volcanic rocks (green augite; Tyrrhenian coast). Garnet, epidote, and minor stauro-
lite and kyanite are recycled from extensively exposed foredeep turbidites, ultimately
fed from the adjacent Alpine thick-skinned orogen (Garzanti et al., 2002a).

6. CONCLUSIONS

High-resolution heavy mineral analysis is an extremely powerful tool in prove-
nance studies. The great number of mineral species and varieties found in modern
sediments, not modified by diagenesis, allow us to obtain a wealth of detailed
information on source areas, augmenting that provided by the petrographic analysis
of bulk sediment.

We follow here the model of Dickinson (1985), which identifies three main
provenances of terrigenous sediments. Sources of detritus in “Continental Block
Provenance” are variously dissected rifted margins or cratonic shields, located along
divergent plate boundaries or in intraplate settings and not associated with sub-
duction zones. Sources of detritus in ‘“Magmatic Arc Provenance” are volcanic and
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volcano-plutonic belts, formed in the hanging-wall of an oceanic subduction zone.
Sources of detritus in “Orogenic Provenance” are thick-skinned collision or
obduction orogens and thin-skinned thrust belts, chiefly consisting of metamorphic
complexes, oceanic sequences, and passive-margin successions tectonically stacked in
the hanging-wall of a continental subduction zone.

Major provenance types cannot be discriminated just by the simple acritical use of
one standardised binary or ternary diagram. All of the evidence provided by detrital
assemblages must be given full consideration. Subtle distinctions, such as those
based on colour of amphibole and pyroxene grains (Nechaev and Isphording, 1993;
Garzanti et al., 2004a), are crucial in differentiating magmatic or metamorphic
assemblages exposed along rifted margins, magmatic arcs, and collision or obduction
orogens.

Through a series of modern case studies, we highlighted the strict relationships
that exist between plate-tectonic setting and both bulk-framework composition and
heavy mineral assemblages of terrigenous sediments, and showed how the concep-
tual models, proposed and refined by Dickinson and co-workers since the 1970s
(Dickinson and Suczek, 1979), can be integrated and extended to provenance
diagnosis of heavy mineral suites. A precise and accurate discrimination of geody-
namic processes, character of magmatic activity, depth of erosion level, metamorphic
grade, and original nature of protoliths eroded in the source terrane can thus be
achieved.
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