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Abstract The advantages in provenance research of U‐Pb dating different detrital minerals along with
simultaneously analyzing trace elements is demonstrated in a study of sand from the mouth of the
Merrimack River in New England, USA. Zircon ages record episodes of magmatism in the Early Paleozoic,
peaking in the Early Devonian, followed by quiescence through the remainder of the Paleozoic and
additional magmatic episodes in the Jurassic and Cretaceous. Simultaneous measurement of trace elements
in zircons reveals a shift from arc magmatism to crustal melting associated with terrane collision in the Early
Devonian, while many Jurassic grains are clearly derived from A‐type granites. Detrital monazites and
rutiles have Devonian and Permian ages. Many of the older monazites have trace element characteristics
suggestive of igneous origin, while Permianmonazites are clearly metamorphic and record orogenesis that is
absent from the detrital zircon record. Rutile grains have trace element chemistry indicative of mostly
metasedimentary source rocks, and Zr thermometry indicates growth under amphibolite facies conditions.
Age offsets between monazite and rutile populations provide information about the region's cooling history.
Titanite grains have trace element chemistry mostly consistent with igneous origin and U‐Pb ages lining
up with minor zircon age populations in the Ordovician‐Silurian and the Middle Devonian, suggesting that
these magmatic episodes produced metaluminous compositions. These results show that combining trace
element fingerprinting with dating and analyzing multiple detrital mineral species provide a more complete
portrait of the geologic history of the sediment source region than U‐Pb dating of zircon alone.

1. Introduction

The dating of detrital zircons in sands and sandstones is a premier tool in studies of sedimentary provenance,
paleogeography, orogenic cycling, and crustal growth. Gehrels (2015) noted an exponential increase in the
publication and use of detrital zircon age data in the first decade of this century, coinciding with the advent
of zircon dating by laser ablation‐inductively coupled plasma‐mass spectrometry (LA‐ICP‐MS); by 2010,
roughly 2,000 publications a year were presenting or discussing detrital zircon data (Gehrels, 2015).

Detrital zircon dating provides an essential foundation of information in provenance studies, but it does not
always provide a complete record of the geologic history of sediment source regions, a fact that has long been
recognized. As a primarily igneous mineral formed chiefly in intermediate and felsic magmas, the detrital
zircon record will underrepresent any mafic magmatism that a region has experienced and provide limited
information on the metamorphic history of a region. For example, numerous studies in the Appalachians
have noted that both Paleozoic clastic sequences andmodern rivers are dominated by ~1‐Ga Grenvillian det-
rital zircon and have only limited numbers of grains corresponding to the Paleozoic Appalachian orogenies,
with the climactic Alleghanian orogeny sometimes completely absent from the detrital zircon record
(Eriksson et al., 2003, 2004; Gray & Zeitler, 1997; Thomas et al., 2004). Moecher and Samson (2006) attrib-
uted this to the zircon richness or high “zircon fertility” of Grenvillian basement, the extreme durability
of zircon leading to its survival through multiple sedimentary cycles, and the limited growth of new zircon
during Paleozoic metamorphism of the Appalachian sedimentary sequences. Furthermore, as is bound to
sometimes occur when a single tool is considered, detrital zircon age spectra sometimes produce nonunique
provenance signatures (Slagstad & Kirkland, 2017). For example, LaMaskin (2012) noted that Cordilleran
basins that formed thousands of kilometers apart often have identical detrital zircon age spectra.

Numerous additional tools for detrital mineral provenance research have been proposed and shown to be
effective in complementing detrital zircon age spectra and compensating for the limits of detrital zircon
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dating. These include (and are certainly not limited to) LA‐ICP‐MS or SHRIMP U‐Pb dating of other miner-
als such as monazite and rutile (Hietpas et al., 2010; O'Sullivan et al., 2016; Zack et al., 2011), common Pb
isotope analysis of detrital feldspar (Clift et al., 2001; Tyrrell et al., 2006), and analysis of trace elements
and isotopic tracers in zircon (Barth et al., 2013; Iizuka et al., 2013; Morag et al., 2011; Stewart et al.,
2010) and other minerals such as rutile (Zack, von Eynatten, & Kronz, 2004), along with thermochronologi-
cal methods, such as fission track and U‐Th‐He dating of detrital zircon and apatite (e.g., Naeser et al., 2016;
Painter et al., 2014; Reiners, 2005) and Ar‐Ar dating of detrital muscovite (e.g., Copeland et al., 2015; Hodges
et al., 2005) Usage and combination of these other techniques remain the exception rather than the rule in
provenance research, with zircon dating (and more recently, zircon Hf isotope analysis) remaining the stan-
dard tool of the trade.

The purpose of this contribution is to provide new emphasis on the benefits of a multiproxy approach in sand
and sandstone provenance research. I demonstrate the utility of examining the U‐Pb age populations of
monazite, rutile, and titanite, in addition to zircon, from a modern sedimentary system, along with simulta-
neous trace element characterization, all accomplished on a single instrument package (i.e., a laser and
quadrupole inductively coupled plasma‐mass spectrometer). Built upon the foundation of detrital zircon
age data, these additional layers of information provide an expanded portrait of the igneous, metamorphic,
and cooling history of New England, along with the potential tectonic settings of the sediment source rocks.

2. Background
2.1. The Sample and Geologic Setting

The target of this study is a sample (latitude‐longitude of 42.789°, −70.807°) of garnet‐rich sand from Plum
Island in northeastern Massachusetts. Plum Island is a barrier island that extends south from the mouth of
the Merrimack River and is composed largely of sediment derived from that river. The Merrimack River
(Figure 1) drains most of the southern half of New Hampshire and a portion of northeastern
Massachusetts and traverses several of the major tectonomagnatic elements of the Northern
Appalachians. The oldest rocks in the Merrimack River drainage basin are the Neoproterozoic Massabesic
gneiss, Neoproterozoic arc rocks of the Avalon terrane, and Neoproterozoic through Ordovician arc rocks
of the Nashoba terrane (Acaster & Bickford, 1999; Dorais et al., 2012; Thompson et al., 2012). Silurian and
Devonian metasedimentary rocks are exposed extensively throughout the drainage basin, along with belts
of plutons from the Acadian (Early Devonian), Neoacadian (Late Devonian to Mississippian), and
Alleghanian (Pennsylvanian to Permian) orogenies (e.g., Bradley & Tucker, 2002; Dorais, 2003; Lyons
et al., 1997; Robinson et al., 1998; Tomascak et al., 1996). Voluminous A‐type granitic magmatism also
occurred in the Mesozoic, producing the older (Late Triassic and Jurassic) and younger (Cretaceous)
White Mountains igneous provinces (e.g., Eby et al., 1992).

3. Methods
3.1. Mineral Separation

A sample of garnet‐rich Plum Island sand was initially panned to concentrate the heavy mineral fraction. A
Frantz magnetic separator was used (0.3 A at 25° side tilt setting) to remove the most magnetically suscep-
tible minerals, including most of the garnet, before the remaining sand was run through methylene iodide to
further concentrate the heavy minerals. These were returned to the Frantz to separate monazite, titanite,
rutile, and zircon. Monazite was found to be concentrated in the magnetic fraction between 0.5 and 0.6 A
(25° side tilt). Titanite was recovered from the magnetic fraction between 0.8 and 1.5 A (25° side tilt), while
rutile and zircon were isolated together in the remaining nonmagnetic fraction. Zircons were poured en
masse onto double‐sided sticky tape, while the other three minerals were hand‐picked in order to avoid
the other minerals occurring in those fractions. Mounts were imaged by SEM‐CL at Boston College.

3.2. LA‐ICP‐MS Geochronology

All analyses were conducted with a CETAC LSX‐213 G2+ 213 nm Nd:YAG laser ablation unit with a Helex
two‐volume ablation cell coupled to an Agilent 7900 quadrupole ICP‐MS in the Material Characterization
Laboratory of the Core Research Facility at the University of Massachusetts Lowell. Full instrumental para-
meters are given in the supporting information. All minerals were analyzed in blocks of about 10 unknowns

10.1029/2018GC008005Geochemistry, Geophysics, Geosystems

GASCHNIG 2



bracketed by analyses of a primary and secondary standard. Ablations generally targeted mineral rims,
although several rutile core‐rim pairs were analyzed. Analyses were approximately 45 s long, separated by
20 s for signal washout and gas blank measurement. All data were reduced with Iolite software (Paton
et al., 2010). Quoted uncertainties include the internal error on the measurements of the unknowns
propagated with the excess uncertainty derived from the primary standard during the session.
3.2.1. Zircon
Zircon analyses were conducted at a 7‐Hz laser repetition rate with a 40‐μm spot size. Plesovice
(337.2 ± 0.1 Ma; Sláma et al., 2008; Horstwood et al., 2016) was used as a primary standard. FC‐1
(1,099.0 ± 0.6 Ma; Paces & Miller, 1993) was used as a second standard and yielded a weighted mean
207Pb/206Pb age of 1,103 ± 5 Ma, within error of the accepted age. Concentrations for select trace elements
were determined simultaneously with age data. NIST‐610 was used as an external standard, and Si was used
as an internal standard, with an assumed concentration of 15% by weight based on stoichiometry.
3.2.2. Monazite
Monazite analyses were conducted at a 7‐Hz laser repetition rate with a 15‐μm spot size. The 44069 monazite
(424.9 ± 0.4 Ma; Aleinikoff et al., 2006) was used as a primary standard, and Trebilcock (272 ± 2 Ma;
Tomascak et al., 1996) was used as a secondary standard, the latter yielding a weighted mean 207Pb/235U
age of 274 ± 2 Ma, within error of the accepted age (the 207Pb/235U age is given because Trebilcock is rever-
sely discordant due to excess 206Pb from 230Th). For simultaneous trace element analysis, P was used as an
internal standard, with concentration set to 13% based on stoichiometry. The concentration of P in the NIST
glasses is very low and near or below the detection limit when using the small spot size and laser energy
required for monazite geochronology. Consequently, the Trebilcock standard was used as an external cali-
brant, using concentrations from McFarlane and McCulloch (2007).
3.2.3. Rutile
Rutile analyses were conducted at an 8‐Hz laser repetition rate with a 50‐μm spot size. Sugluk‐4
(1,719 ± 14 Ma; Bracciali et al., 2013) was used as a primary standard. PCA‐2S07 (1,865.0 ± 7.5 Ma;
Bracciali et al., 2013) was used as a secondary standard and yielded a weighted mean age of
1,890 ± 11 Ma, slightly older than the best estimate age reported by Bracciali et al. (2013), likely reflecting

Figure 1. Major geologic units in drainage basin of the Merrimack River in New England, USA, modified from Bradley et al. (2015).
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the contribution of the common Pb that has been noted in this standard. Trace elements were measured
simultaneously using NIST‐610 as an external calibrant and Ti as an internal standard (set to 58.7%,
assuming TiO2 = 98%).

Zr concentration in rutile is temperature dependent (Zack, Moraes, & Kronz, 2004). The calibration of
Tomkins et al. (2007) for the Zr‐in‐rutile thermometer was used, and this incorporates a pressure depen-
dence. The influence of pressure is quite small; for example, the difference in calculated temperature
between 5 and 10 kbar of pressure is only ~20 °C. Temperatures calculated here are based on a model pres-
sure of 8 kbar, which is reasonable given the repeated high grade metamorphism experienced in New
England (e.g., Robinson et al., 1998).
3.2.4. Titanite
Titanite analyses were conducted at a 8‐Hz laser repetition rate with a 40‐μm sspot size. MKED‐1
(1,521.02 ± 0.55 Ma; Spandler et al., 2016) was used as a primary standard. BLR‐1 (1,047.1 ± 0.4 Ma;
Aleinikoff et al., 2007) was used as a secondary standard and yielded a 207Pb/206Pb age of 1,046 ± 10 Ma.
Trace elements were measured simultaneously using NIST‐610 as an external calibrant and Si as an internal
standard (set to 14.3% based on stoichiometry).
3.2.5. Common Pb Corrections on U‐Pb Ages
The influence of common Pb on U‐Pb analyses cannot be directly corrected due to the traces of Hg in the He
carrier gas, contributing an isobaric overlap from 204Hg on 204Pb, which is present in small quantities. For
Phanerozoic U‐Pb dates, such as the vast majority of the dates presented here, common Pb can be the pri-
mary source of minor discordance, which is easily recognizable on Tera‐Wasserburg diagrams. A “

207Pb cor-
rection,” using a model common Pb 207Pb/206Pb ratio, can be used to correct for common Pb (Williams,
1998). For zircon and monazite, only a few analyses plotted above concordia (in Tera‐Wasserburg space)
and 207Pb corrections did not shift the 206Pb/238U ages, so these corrections were not applied. In contrast,
about a third of the rutiles analyzed here showed variable degrees of discordance that are most likely due
to the presence of small amounts of common Pb coupled with the low levels of radiogenic Pb due to low
U and (relatively) young age, and all of the titanites analyzed showed discordance attributable to common
Pb. A 207Pb correction was applied to these discordant rutile and titanite analyses, using a 207Pb/206Pb of
0.85 ± 0.05. This is a reasonable range based on published common Pb for the region (Ayuso & Bevier,
1991; Eby, 1985).

4. Results

U‐Pb and trace element results are shown in Figures 2–9 and tabulated in the supporting information.

4.1. Zircons

Zircon age results are shown in Figure 2. Eighty‐six percent of the 106 analyses yielded 207Pb/206Pb ages
within error of 206Pb/238U ages and are hence considered concordant. Paleozoic ages are abundant, with a
continuum of ages between 360 and 500 Ma, centered on a main peak at 406 Ma. Minor peaks are present
at 123 and 193 Ma, and a few Neoproterozoic and Mesoproterozoic ages are also present. The age spectrum
is quite similar to the detrital zircon spectrum for the same locality reported by Bradley et al. (2015; see
supporting information).

Some key characteristics of the trace element compositions of the zircons are shown in Figure 3. A subset of
the ~406‐Ma zircons show markedly different trace element ratios compared to the rest of the data set,
including unusually low Th/U and Ce/Yb and high U/Yb and Gd/Yb. Another distinct trace element feature
is the elevated Nb/Yb ratios observed in several of the ~193‐Ma zircons.

4.2. Monazite

Monazite age results are shown in Figure 4. Sixty‐one of 66 analyses yielded 207Pb/206Pb ages within error of
206Pb/238U ages and are hence considered concordant. Due to monazite's strong affinity for Th, incorpora-
tion of 230Th during crystallization can lead to the formation of excess 206Pb and result in reverse discordance
in young monazite (Parrish, 1990; Schärer, 1984), but this was not observed. While greatest precision was
obtained on 208Pb/232Th ages, the lack of isotope dilution‐thermal ionization mass spectrometer data for
the Th‐Pb system in the monazite standards means that concordance with U‐Pb dates, while assumed,
has not necessarily been verified. Therefore, 206Pb/238U ages are considered to be the most reliable. All
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monazite ages are Phanerozoic, and nearly all are Paleozoic. A sharp and dominant age peak is present at
~389 Ma, a minor peak is present at ~347 Ma, and a continuum of ages are present from 250 to 298 Ma,
with a broad peak around 277 Ma.

Key trace element characteristics of the monazites are shown in Figure 5. Compared to the other popula-
tions, the ~389‐Ma population is characterized by considerably greater enrichment of middle rare earth ele-
ments over heavy rare earth elements, defined by the chondrite normalized Gd/Lu (Figure 5a) and a

Figure 2. U‐Pb geochronology results for detrital zircons. (a) Tera‐Wasserberg diagram showing all results. Error ellipses here and in subsequent figures include
internal error on individual measurements propagated with excess scatter on the primary standard, shown at the 2σ level. (b) Probability density curve and his-
togram for concordant zircon analyses (i.e., analyses where 207Pb/206Pb age is within uncertainty of the 206Pb/238U age). Inset shows full data set while the
expanded panel zooms in on the Phanerozoic portion of the age spectrum. N provides the number of analyses plotted in the probability density plot out of the total
number of analyses, here and in succeeding figures.

Figure 3. Trace element ratios from zircons, measured simultaneously with U‐Pb age. All ratios share an excursion around 400 Ma, characterized by a subset of
zircons in this age with either anomalously high or low ratios compared to the rest of the data set. (a–c) The low Th/U, high U/Yb, and high Gd/Yb of these
400 Ma grains is interpreted to reflect crystallization in equilibrium with igneous monazite from a highly peraluminous melt formed during crustal thickening. (d)
The low Ce/Yb of these grains, driven by Ce depletion, is consistent with this explanation. (e) An important feature of the Nb/Yb data set is the presence of high
values for many of the Early Jurassic zircons, consistent with the derivation from the A‐type granites of the older White Mountains province.
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Figure 4. Monazite U‐Pb age results with (a) Tera‐Wasserberg diagram and (b) histogram and probability density curve of
206Pb/238U ages.

Figure 5. Trace element ratios from monazites, measured simultaneously with U‐Pb age. Monazites are grouped and
color coded by age. Many of the Early Devonian monazites have a (a) dramatically higher chondrite normalized Gd/Lu
and (b) a more negative Eu anomaly than the other two age groups. The inverse relationship between these parameters is
shown in (c), along with published results for monazites from various lithologies (Bea, 1996; Rubatto et al., 2006; Buick
et al., 2010; Mottram et al., 2014; Štípská et al., 2015; Holder et al., 2015; Itano et al., 2018). Monazites crystallized from
melt (in both granitoids and migmatites) consistently have a low Eu/Eu*, similar to the Early Devonian monazites
observed in this study.
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considerably deeper negative Eu anomaly (defined as Eun/Eun*, where Eun* = (Smn × Gdn)
0.5 and “n” indi-

cates chondrite normalized concentration).

4.3. Rutile

Rutile age results are shown in Figure 6. A significant fraction of analyzed rutiles show discordance attribu-
table to common Pb, an effect magnified by lowU and hence low radiogenic Pb present in some of the grains.
Concordant ages and common Pb‐corrected discordant ages are entirely Phanerozoic. A few Ordovician and
Silurian ages are present, and a large number of grains display a continuum of ages between ~380 and
280 Ma. A narrow and sharp age peak is also present at 250 Ma.

Rutile has the lowest closure temperature of the phases studied here, and rutile grains formed under lower
crustal conditions (i.e., with histories of prolonged, slow cooling) have been reported as having gradients of
decreasing U‐Pb age from crystal center to rim (e.g., Kooijman et al., 2010; Smye & Stockli, 2014).
Consequently, dates were obtained for both the center and rim of several grains, but none showed a differ-
ence in age beyond uncertainty.

Trace element characteristics of the rutiles are shown in Figure 7. Most rutiles have relatively low Cr concen-
trations and moderate to high Nb concentrations although a small subset of grains has low Nb and high Cr
(Figure 7a). Several of the lowNb rutiles have similar ages, around 350–360Ma (Figure 7b). Zr‐in‐rutile ther-
mometry, using the calibration of Tomkins et al. (2007) and a model pressure of 8 kbar, yields amphibolite‐
facies temperatures, with slightly higher values seen in the oldest rutiles.

4.4. Titanite

Titanite age results are shown in Figure 8. All analyzed titanite shows variable degrees of discordance attri-
butable to common Pb. A large subset of analyses appears to trace out a linear array in Tera‐Wasserburg
space (Figure 8a) with a lower intercept age of 373±5 Ma, and the individual common Pb corrected 206Pb/
238U ages are characterized by a dominant ~374‐Ma peak. A continuum of ages between 400 and 480 Ma
is also observed, along with two Permian ages.

Trace element characteristics are shown in Figure 9. Most grains have a molar Al/Fe ratio between 1 and 3.
The Th/U shows a weak negative correlation with Al/Fe. Grains with anomalously high Al/Fe and low Th/U
are primarily between 350 and 400 Ma (Figure 9c).

5. Discussion

The Phanerozoic U‐Pb age results for the four detrital minerals are directly compared in Figure 10. Zircon
ages record major events in the Ordovician through Early Devonian followed by a paucity of ages in the
remainder of the Paleozoic. In contrast, monazite and rutile both show major age populations in the
Middle and Late Devonian and the Permian. The majority of titanite ages overlap with a minor zircon age
population. Furthermore, differences are present in the trace element compositions of different mineral
age populations, most notably for zircon and monazite. Below, the ability of trace element compositions

Figure 6. Rutile U‐Pb age results with (a) Tera‐Wasserberg diagram and (b) histogram and probability density curve of
common Pb corrected 206Pb/238U ages.
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to identify source lithologies is evaluated, and the combined age and geochemical information are used to
link the detrital minerals to their source rocks. Finally, differences in provenance interpretation that
would arise from analyzing only zircon or from not analyzing trace elements are discussed.

5.1. Source Rock Lithology From Detrital Mineral Trace Element Compositions

Trace element compositions of detrital accessory minerals may provide a diagnostic indicator for their
source lithology and possibly its tectonic setting, and this possibility has been of particular interest with
regards to zircon. The Th/U ratio has often been invoked as a discriminant between igneous and meta-
morphic zircon (Rubatto, 2002; Schaltegger et al., 1999), and a wider palette of elements has more recently
been considered (Barth et al., 2013; Belousova et al., 2002; Cavosie et al., 2006; Grimes et al., 2009; Grimes
et al., 2015; McKay et al., 2018; McKenzie et al., 2018; Nardi et al., 2013). In particular, Grimes et al.
(2015) noted that ratios involving U, Nb, Sc, Yb, Gd, and Ce seemed to provide an effective means for

Figure 7. Rutile trace element characteristics and zirconium thermometry. (a) Nb‐Cr covariation has been used fre-
quently as a way of discriminating between rutile derived from metapelites and metamafic rocks (Meinhold et al., 2008;
Triebold et al., 2007, 2012; Zack, von Eynatten, & Kronz, 2004). The divider here is taken from Triebold et al. (2007)
and indicates that the vast majority of rutile were derived from metapelites. Published rutile data from Zack et al. (2002)
and Zack, Moraes, & Kronz (2004a) and Luvizotto et al. (2009) are shown for comparison; metamafic rutile from the
Catalina schist in California has unusually high Nb and lowCr, but all other rutile plots in the correct zones. (b) Rutile that
was derived from the metamafic rocks is characterized by Nb less than 600 ppm. When Nb is plotted against age,
metamafic rutiles are consistently older than 300 Ma. (c) Zr‐in‐rutile thermometry versus age, using the calibration of
Tomkins et al. (2007). Temperature is calculated based on a model pressure of 8 kbar, but the thermometer's sensitivity to
pressure is quite low. All rutile crystallized at amphibolite facies conditions, and the oldest grains skew toward slightly
hotter temperatures.
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distinguishing zircons formed from mantle‐dominated settings (i.e., mid ocean ridges and ocean islands)
from continental arc settings.

Several of these ratios are shown in Figure 3. The most striking feature of the data seen across multiple trace
element ratios is the presence of anomalously high or low values in a subset of the ~400‐Ma zircons. This
includes the presence of low Th/U, Ce/Yb, and Nb/Yb and high U/Yb and Gd/Yb. In a conventional detrital
zircon study where only ages and Th and U concentrations are obtained, these low Th/U zircons might be
interpreted as being metamorphic in origin, but there is an alternate explanation that is supported by other
ratios. Low Th/U ratios in zircon have been observed in some peraluminous granitoids (Gaschnig et al.,
2010; McKay et al., 2018) and are most likely attributable to the formation in equilibrium with igneous mon-
azite, which has a very strong affinity for Th (Bea, 1996; Breiter, 2016; Kirkland et al., 2015; Miles et al., 2013;
Yakymchuk et al., 2018). Monazite also has a very strong affinity for light rare earth elements (Bea, 1996)
and thus might also explain the low Ce/Yb seen in these zircons, which is driven almost entirely by low
Ce concentrations (although Ce abundance in zircon can also be governed by melt oxygen fugacity; Trail
et al., 2012). Derivation of these zircons from peraluminous granitoids, formed presumably by crustal melt-
ing in thickened crust (e.g., Gaschnig et al., 2011), is also consistent with the higher Gd/Yb and U/Yb, which
have been interpreted as indicators of greater crustal thickness during magma generation and greater levels
of crustal melting, respectively (Barth et al., 2013; Grimes et al., 2015).

Another important trace element characteristic is the high Nb/Yb seen in several of the Early Jurassic zir-
cons. High field strength elements such as niobium are often enriched in A‐type granites (Eby, 1992;
Pearce et al., 1984), and Nb enrichment in zircons from such granites has been documented (Grimes
et al., 2015; Nardi et al., 2013). Therefore, these zircons likely record an episode of A‐type magmatism in
the Merrimack drainage in the Early Jurassic.

The trace element composition of monazite may also provide clues to the type of lithology from which det-
rital grains originated. Itano et al. (2016, 2018) examined the rare earth element systematics and Th/U ratios
of monazites from a variety of metamorphic and igneous rock types in order to develop the criteria for iden-
tifying source rock lithologies for detrital monazites. Itano et al. (2018) considered a significantly negative Eu
anomaly (Eu/Eu* < 0.1) and only modest enrichment of light rare earth elements over middle rare earth ele-
ments (Cen/Gdn < 3) to be diagnostic of igneous monazite derived from granitic rocks. They interpreted
strong fractionation of the middle rare earth elements over the heavy rare earth elements (Gdn/
Lun > 500) as often diagnostic of metamorphic monazite derived from garnet‐bearing rocks (i.e., garnet‐
bearing amphibolite and eclogite facies), although igneous monazites from garnet‐bearing pegmatites and
leucogranites associated with migmatites were also found to have similarly high fractionation.

Detrital monazites studied here are divisible into Devonian, Carboniferous, and Permian age groupings with
differences in trace element geochemistry. The Devonian grains extend to distinctly high Gd/Lu values and
have especially deep negative Eu anomalies on average compared to the other two groups. Metamorphic
monazites rarely have Eu/Eu* values less than 0.1 (Itano et al., 2018, and references therein), so it seems

Figure 8. Titanite U‐Pb age results with (a) Tera‐Wasserberg diagram and (b) histogram and probability density curve of
common Pb corrected 206Pb/238U ages. All grains have discordance attributable to common Pb content, and a significant
fraction fall along a linear array between a common 207Pb/206Pb composition of 0.85 and a lower concordia intercept
of 373 Ma.
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likely that many of the Devonian monazites formed as igneous phases in granitoids or migmatites. The high
Gd/Lu seen in many of these same monazite grains may reflect equilibrium with igneous garnet, as both
phases can occur in strongly peraluminous granites (and such rocks are present in this part of New
England; see below), although this might also indicate origin in migmatites. Conversely, the considerably
shallower Eu anomaly seen in the Permian monazites is suggestive of origin in metamorphic rocks, and
the relatively low Gd/Lu indicates that these monazites did not form in equilibrium with garnet and are
hence from garnet‐free amphibolite or granulite facies rocks (Itano et al., 2018). The Carboniferous
monazites show trace element characteristics that are intermediate between the Permian and Devonian
monazites and may come from a mix of igneous and metamorphic source rocks.

Rutile Cr and Nb covariation can be used as a source rock discriminant; rutile crystallized in metapelites
tends to have higher Nb and lower Cr than rutile formed in metamafic rocks (Meinhold et al., 2008;
Triebold et al., 2007, 2012; Zack, von Eynatten, & Kronz, 2004). The majority of the rutile grains studied here
have Nb and Cr concentrations consistent with derivation from metapelites. Of the minority of grains with
metamafic trace element chemistry, several have similar ages around 350 to 360 Ma. Zr‐in‐rutile tempera-
tures indicate that formation occurred during amphibolite facies metamorphism.

Figure 9. Titanite trace element characteristics. (a) The relative content of Fe and Al can be used as a discriminant
between igneous and metamorphic titanite, with Al/Fe > 3 being considered diagnostic of metamorphic titanite
(Aleinikoff et al., 2002). Only a few such grains were observed here. Small red and blue points in (a) and (b) are
igneous and metamorphic titanites, respectively, from literature sources (Aleinikoff et al., 2002; Gao et al., 2012; Pan et al.,
2018; Rasmussen et al., 2013; Spandler et al., 2016). (b) Grains with high Al/Fe also have low Th/U, which is also
considered to be an attribute of metamorphic titanite (Aleinikoff et al., 2002; Gao et al., 2012). (c) Titanite grains with the
highest Al/Fe and of probable metamorphic origin are found between 400 and 350 Ma.
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For titanite, the Al/Fe ratio has been used as a discriminant between
igneous and metamorphic origin. Aleinikoff et al. (2002) noted that the
metamorphic grains tend to have molar Al/Fe greater than 3. A Th/U less
than 1 has also been used as an indicator of metamorphic origin
(Aleinikoff et al., 2002; Schmitz et al., 2018), and Figure 9b shows an
inverse correlation between these two parameters. Only a few titanite
grains analyzed here show chemistry characteristic of metamorphic ori-
gin, and these tend to have ages between 350 and 400 Ma (Figure 9c).

5.2. Sediment Sources From Geochronology and Trace Element
Geochemistry of Detrital Minerals

The zircon results provide baseline information on the igneous history of
the region. A limited number of Proterozoic zircons were observed in the
Plum Island sands, but these have no known igneous source in the
Merrimack River drainage basin. It is conceivable that these zircons were
derived from Pleistocene glacial deposits with sources outside of the drai-
nage basin. However, in their study of detrital zircons in several major
New England Rivers, Bradley et al. (2015) noted that the river sand zircon
ages faithfully record the geologic history of their drainage basins and
contain very little exotic glacial input. Consequently, the Precambrian
Plum Island zircons are likely derived from some of the extensive Early
Paleozoic metasedimentary sequences found throughout the drainage
basin (Dorais et al., 2012; Wintsch et al., 2007).

The next significant geologic event recorded by the detrital minerals is Ordovician and Silurian magmatism,
marked by a limited number of zircon and titanite ages. These grains were probably sourced from the
Nashoba terrane, as no other rocks with appropriate ages are present within Merrimack drainage basin
(Acaster & Bickford, 1999). Given that titanite is most common in metaluminous igneous rocks (Frost
et al., 2001), which in turn are especially characteristic of island arcs and continental arcs with normal crus-
tal thickness, the source rocks for the Ordovician and Silurian titanites are probably such arc rocks. The
similarly aged zircons have trace element signatures that are also compatible with formation in arc rocks.

Major Devonian tectonomagmatic activity is recorded by all four detrital minerals. The largest zircon age
population is centered at ~406 Ma, and many of these zircons show trace element characteristics consistent
with formation in peraluminous granites formed by melting in thickened crust, possibly associated with ter-
rane accretion/collision (i.e., the Acadian orogeny). These zircons were likely derived from the New
Hampshire Plutonic Suite, which is exposed throughout southern and central New Hampshire and contains
many plutons with appropriate compositions (Dorais, 2003; Dorais & Paige, 2000; Dorais & Tubrett, 2012).
Several of these plutons contain garnet, and such plutonsmay have yieldedmany of the Devonianmonazites
(i.e., those that are characterized by both low Eu/Eu* and high Gd/Lu), although some portion of that mon-
azite age population also was likely derived from Early Paleozoic migmatites and metasedimentary rocks
that were experiencing metamorphism at the same time. The detrital rutile grains with a continuum of ages
beginning at ~375 Ma and extending into the Carboniferous probably originated from the same Early
Paleozoic metasedimentary rocks and record the same metamorphism as those monazites but reflect slow
cooling and the lower closure temperature of the U‐Pb system in rutile. This closure temperature is compar-
able to the K‐Ar system in amphibole, and amphibole K‐Ar ages in metasedimentary rocks of western New
Hampshire and adjacent Massachusetts range from 407 to 280 Ma (Spear & Harrison, 1989), largely
overlapping with the spread of Devonian to Carboniferous rutile ages. The Zr‐in‐rutile temperatures are con-
sistent with the estimated peak temperatures for these metasedimentary rocks (Spear, 2002). The abundant
~385‐Ma detrital titanite grains may have been derived from different, more metaluminous units of the New
Hampshire Plutonic Suite than those that supplied the monazites, although they might have also been
obtained from appropriately aged plutons in Massachusetts in the Lowell area (Walsh et al., 2013). The small
number of younger monazite grains around ~350 Ma may record the Neoacadian orogeny (Robinson et al.,
1998), and domains of appropriate age have been observed in monazites in migmatitic gneisses in southwest
New Hampshire (Pyle et al., 2005), along with other localities in central Massachusetts and Connecticut

Figure 10. Probability density plot combining Phanerozoic age results for
all four minerals from the Plum Island sand sample (note that some
Precambrian zircons were observed and are shown in Figure 2 but not
included here). Black = zircon, red = monazite, green = rutile, and
blue = titanite. Monazite and rutile fill in gaps in the zircon record, espe-
cially in the late Paleozoic. Titanite age peaks correspond to minor zircon
populations.
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(Massey et al., 2017), further outside the drainage basin of the Merrimack River. The thermal imprint of this
event may have also aided in producing the wide spread of Late Devonian and Carboniferous rutile ages.

Permian monazite ages record major Alleghanian metamorphism at ~277 Ma. These monazites were likely
derived from the extensive Early Paleozoic metasedimentary rocks in southern New Hampshire and adja-
cent Massachusetts, as monazite of this age has been reported in those rocks (Eusden & Barreiro, 1988)
and metamorphism this age has also been reported in the Neoproterozoic Massabesic gneiss in southern
New Hampshire (Dorais et al., 2012). A sharply defined rutile age peak follows the monazite by approxi-
mately 15Ma. Extensive Ar‐Ar cooling data are available for theMassabesic gneiss and surrounding younger
metasedimentary rocks (Dorais et al., 2012), and these may help pinpoint a likely source of these rutile
grains. While both units experienced the Alleghanian thermal peak, the Massabesic cooled more slowly
and would have passed through the rutile U‐Pb closure temperature around the time of the detrital rutile
age peak. The Massabesic gneiss is therefore a strong candidate for being the source of the Permo‐Triassic
rutile population. It is noteworthy that the shapes of the rutile age peaks (asymmetric with a long younging
tail in the Devonian‐Carboniferous but sharp in the Permian) are consistent with the broader thermal his-
tory of southeastern New England determined from U‐Pb and Ar‐Ar studies (e.g., Wintsch et al., 1992).
Also noteworthy is the fact that this orogenic event was largely amagmatic in the Merrimack drainage basin
and therefore left no sign in the detrital zircon record.

Detrital zircons record two magmatic events in the Mesozoic at 195 and 120 Ma. These ages are entirely con-
sistent with the timings of magmatism in the older and younger White Mountains magmatic provinces (Eby
et al., 1992), especially in light of new U‐Pb geochronology showing that the duration of magmatism was
comparably brief (Kinney et al., 2018). The Pemigewasset River, one of the two principal upper tributaries
of the Merrimack River, originates in theWhite Mountain batholith of NewHampshire, which is the central
feature of the older White Mountains magmatic province and likely the source of the 195‐Ma zircons. The
Ossippee pluton, one of the major elements of the younger White Mountains magmatic province (Roden‐
Tice et al., 2009), is located in the drainage basin of the Winnipesaukee River, the other principal tributary
of the Merrimack, and is the likely source of the Cretaceous detrital zircons.

5.3. Benefits of Looking Beyond Detrital Zircon Ages in Provenance Research

A key point of this contribution is that zircon ages by themselves can provide an incomplete portrait of sedi-
ment sources and the geologic history of the source region. If the Plum Island sand had been collected from a
river in a remote region for which little geologic knowledge existed and been subjected to a conventional det-
rital zircon study, one might conclude based on Figure 2 that the region in question contained limited expo-
sures of Proterozoic basement and had experienced intense magmatism starting in the Ordovician and
peaking in the Early Devonian. This was followed by quiescence interrupted only by further magmatism
in the Early Jurassic and again in the Early Cretaceous. No information on the tectonic setting of these mag-
matic pulses or source lithology type can really be presumed from the ages alone, and there would be no sign
of any Permian tectonomagmatic activity.

Expansion of the detrital mineral analytical toolkit to incorporate a limited palette of zircon trace element
ratios measured simultaneously with U‐Pb provides some constraints on the lithology type and tectonic set-
ting of many of these zircons, indicating that the Early Devonianmagmatic episode saw a significant amount
of crustal melting in thickened crust, leading to the formation of peraluminous granites and suggestive of
terrane accretion or continental collision (Figure 11). The Nb enrichment seen in the Early Jurassic zircons
suggests an A‐type granite origin, indicative of an intraplate and/or hot spot related setting.

Additional layers of information are provided by the ages and trace element characteristics of the other
minerals (Figure 11). Ordovician‐Silurian titanite grains (coupled with more “normal” trace element ratios
for coeval zircons) record a more metaluminous period of magmatism more typical of an arc‐type environ-
ment prior to the Early Devonian event. The Middle Devonian monazite population, containing a mix of
magmatic and metamorphic grains, records continuing high grade metamorphism and associated crustal
melting and the age offset and smeared nature of the U‐Pb results for the Devonian rutile grains suggest a
prolonged thermal disturbance and slow cooling in the region's metasedimentary package. This was fol-
lowed by renewed high‐grade metamorphism in the Permian, an event that is completely missed in the det-
rital zircon record.
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6. Conclusion

U‐Pb age and trace element data presented here for different detrital minerals from the mouth of the
Merrimack River (New England) demonstrate the great advantages to be gained in sedimentary and tectonic
research when detrital mineral studies are expanded beyond just zircon dating. Monazite and rutile ages can
provide a record of metamorphism in the sediment source region that may be completely absent from the
detrital zircon record. Measurement of trace element ratios in detrital zircon and comparison of detrital zir-
con age spectra with those of detrital titanite provide important clues for determining the tectonic setting
and/or bulk lithology of igneous rocks in the sediment source region, and trace elements also provide the
means of providing information on the type of rocks that monazite and rutile were derived from, along with
the temperature at which rutile grew. All of this information can be obtained using a single instrument pack-
age (i.e., quadrupole ICP‐MS and laser) with moderate capital costs.
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