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Abstract zircon extracted from drilled oceanic rocks is increasingly used to answer geologic questions
related to igneous and sedimentary sequences. Recent zircon studies using samples obtained from marine
drill cores revealed that drilling muds used in the coring process may contaminate the samples. The JOIDES
Resolution Science Operator of the International Ocean Discovery Program has been using two types of clays,
sepiolite and attapulgite, which both have salt water viscosifier properties able to create a gel-like slurry that
carries drill cuttings out of the holes several hundred meters deep. The dominantly used drilling mud is sepi-
olite originating from southwestern Nevada, USA. This sepiolite contains abundant zircon crystals with U-Pb
ages ranging from 1.89 to 2889 Ma and continental trace element, 6'0, and ¢Hf isotopic compositions. A
dominant population of 11-16 Ma zircons in sepiolite drilling mud makes identification of contamination in
drilled Neogene successions particularly challenging. Interpretation of zircon analyses related to ocean dril-
ling should be cautious of zircon ages in violation of independently constrained age models and that have
age populations overlapping those in the sepiolite. Because individual geochronologic and geochemical
characteristics lack absolute discriminatory power, it is recommended to comprehensively analyze all dated
zircon crystals from cores exposed to drill mud for trace element, §'80, and &Hf isotopic compositions. Zircon
analyzed in situ (i.e., in petrographic sections) are assumed to be trustworthy.

1. Introduction

The International Ocean Discovery Program (IODP; since 2013) and its predecessors (DSDP, Deep Sea Dril-
ling Program 1966-1985; ODP, Ocean Drilling Program; 1985-2003; IODP, Integrated Ocean Drilling Pro-
gram 2003-2013) use shipboard drilling techniques to collect sediment and rocks from the seafloor and
subsurface [Huey, 2009; http://iodp.tamu.edu/tools/]. Zircon extracted from drilled oceanic successions
increasingly becomes the mineral of choice to investigate the timing of igneous basement accretion and
cooling [e.g., Schwartz et al., 2005], seawater-rock interaction and magmatic differentiation of oceanic crust
[e.g., Grimes et al., 2011] or to resolve siliciclastic sediment provenance [e.g., Clift et al., 2013; Shinjoe et al.,
2014]. It is therefore crucial that the scientific community is confident in the fidelity of the zircon record col-
lected during IODP expeditions. This report alerts the geology community to the possibility that core sam-
ples may become contaminated during drilling with zircons derived from drilling mud. To aid in the
identification of such contamination, we comprehensively characterized zircon derived from Sea Mud™
(sepiolite), currently the drilling mud used most frequently in activities of the JOIDES Resolution Science
Operator (JRSO).

The authors know of no previous studies of zircon in drilling mud nor explicit discussion of zircon contami-
nation in previous studies of cored samples. However, in the course of extracting zircon from volcanic inter-
vals cored during IODP expeditions 350 (Site U1437) [Andrews et al, 2015] and 352 (Site U1439) (Y. Li,
Institute of Geology, Chinese Academy of Geological Science, personal communication, 2016), several proc-
essed samples yielded zircon much older than age expectations based on stratigraphic position, and mag-
neto- and biostratigraphic markers. Low zircon yields (typically <5 zircons per interval) are common to both
of these studies and this may be an important factor why contamination is only being recognized now for
the first time, i.e., contaminating zircons are likely to be extremely diluted in samples with abundant zircons.
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Samples with abundant zircon may still contain drilling mud contamination, and this may be difficult to
detect by age alone in sedimentary rocks with diverse detrital zircon populations.

2, Background

2.1. Drilling Techniques and Disturbances

Shipboard drilling techniques involves recovery of oozes and soft sediments using the Advanced Piston
Corer (APC) and Half-Length Advanced Piston Corer (HLAPC) whereas incipiently lithified sediment and
hard-rocks require rotary coring by Extended Core Barrel (XCB) and Rotary Core Barrel (RCB) coring systems
[Graber et al., 2002; Huey, 2009]. In riser-less drilling with the R/V JOIDES Resolution (JR), seawater is pumped
from the surface through the drill pipe to cool the bit and to flush out cuttings. When coring with the APC
and HLAPC, the seawater mixes with the material from the formation to create a slurry capable of carrying
the cuttings out of the hole. RCB, XCB, and in some cases (e.g., with sandy layers or at depths at or beyond
300 mbsf) HLAPC coring, requires pumping “mud” into the borehole to create the slurry necessary to clean
the hole during core cutting, or as intermittent mud sweeps. Contamination by mud is therefore most likely
in holes after they have been swept-out.

Coring physically disturbs the recovered core and can expose sediment and rock to drilling fluids (“intru-
sion”). Intrusion of mud into core samples and noncased hole margins is likely to be greater when the lithol-
ogies are unlithified, porous, or heavily fractured. Moreover, drilling of heavily fractured intervals often leads
to significant reductions in the volume of core recovered, often necessitating a change in drill-bit and a
mud sweep. The mud is unlikely to be fully expelled during a sweep and may be ponded around the base
of the hole or accreted to the margins when drilling resumes. In addition, “fall-in” of rock and sediment
higher in the hole [e.g., Jutzeler et al., 2014] may repeatedly add mud that was accreted to the hole’s mar-
gins or partially intruded into shallower, porous intervals. It is then possible that unexpelled mud is in con-
tact with sample core during renewed drilling, and mechanical processes can forcibly propel mud into the
core due to either the elevated water pressure or brittle-ductile deformation of the core (e.g., fracturing,
brecciation, “biscuiting”) [Kidd, 1978; Leggett, 1982].

2.2, Drilling Muds

Up to ODP Leg 154 (1992), bentonite was used exclusively to prepare drilling mud on the JR. Bentonite
continued to be used up to IODP Expedition 306. Bentonite has to be mixed with fresh water to create a
gel-like slurry. Therefore, starting with ODP Leg 155, use of sepiolite became more common. Sepiolite,
a magnesium silicate with the chemical formula Mg,SisO,5(OH),-6H,0, is a saltwater viscosifier which forms
a gel with seawater able to carry heavier particles out of the hole. The sepiolite most commonly used on
the JR is Sea Mud™. This sepiolite is quarried in the Amargosa Basin, Nye County, Nevada (Figure 1;
36°27.00'N and 116°28.11’N) [Hosterman and Patterson, 1992] by Industrial Mineral Ventures (IMV) Nevada, a
division of Lhoist North America, which has been mining and processing specialty clays in the Amargosa
Basin since 1972 [http://www.lhoist.com/us_en/imv-nevadal. JRSO has also employed attapulgite, also
known as palygorskite, intermittently and interchangeably with sepiolite since Expedition 301. In addition,
barite can be admixed to the mud, but typically only during logging operations and to fill a hole after oper-
ations are concluded.

2.3. Previous Studies of Drilling Fluid Contamination

Contamination assessments by lacing drilling fluids with synthetic chemical (perfluorocarbon tracers, PFT)
and ~0.5 um diameter particulate tracers (fluorescent microsphere beads) have indicated that intrusion
does occur in IODP drilling but that it is insufficient to undermine its utility for microbiological studies [Smith
et al, 2000a]. PFT intrusion was greatest at the outer edge of the core and rapidly diminishes inward
although it is still detectable in the center of the core, is slightly greater in clay than in fine sand, and is
largely independent of depth [House et al., 2003; Lever et al., 2006; Yanagawa et al., 2013]. Intrusion was also
more severe in XCB compared to APC cores [House et al., 2003]. Microsphere intrusion was not detected in
the center of the either igneous or sedimentary cores [Smith et al., 2000b]. These studies have limited appli-
cability to zircon, which is typically much larger (~10 to 100 of um) than the microbiological tracers used
previously.
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Figure 1. Location map of the IMV Nevada sepiolite quarry where Sea Mud™ originates. Map is based on the Shuttle Radar Topography

Mission (SRTM) 30 m digital elevation model [USGS, 2006] with the major silicic volcanic deposits of the Timber Mountain Caldera Complex
overlain [after Minor et al., 1993; Carr et al., 1996]. Hydrologic model for the upper Amargosa River basin was generated based on current
topography from the finished SRTM dataset utilizing the ESRI ArcGIS spatial analyst hydrology toolset.

3. Methods

This report focuses on the presence of zircon in Sea Mud™. Comparable studies of attapulgite and barite
drilling muds are in progress. Zircon crystals were separated from two 1 kg bags of dry Sea Mud™. Samples
were prepared in a brand-new mineral separation facility at California State University Bakersfield featuring
new or newly refurbished equipment and glassware; these samples were the first to be processed through
the new lab. Samples were sieved to <250 um, density sorted on a water (Wilfley™) table, magnetically
separated, and density sorted in methelyene iodide (MEI; 3.32 g cm™3). Zircon crystals where then hand-
picked, mounted in epoxy, polished, gold-coated, and imaged by scanning electron microscopy with a cath-
odoluminescence detector (Figure 2; SEM-CL). A second batch of sepiolite was prepared similarly except
that zircons were not hand-picked, and instead poured in an epoxy mount so as not to introduce bias
before detrital geochronology analyses.

U-Pb geochronology, trace element, and oxygen isotope analysis of zircon followed established procedures
for the CAMECA ims 1270 ion microprobe (or secondary ionization mass spectrometer SIMS) at UCLA (S1-3)
[Schmitt et al,, 2003; Monteleone et al., 2007; Trail et al., 2007]. Reference zircons AS3 [Paces and Miller, 1993]
and 91500 [Wiedenbeck et al., 2004] were used. Hf isotopic compositions were determined at the Arizona
LaserChron Center (54) with a Nu laser ablation multicollector inductively coupled plasma mass spectrometry
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Figure 2. Cathodoluminescence images of sepiolite-derived zircons showing 2°°Pb/?*2U age (1) and SIMS spot position.

(LA-MC-ICP-MS) connected to a Photon Machines Analyte G2 excimer laser producing 40 um spots centered
on earlier SIMS pits [Gehrels and Pecha, 2014]. Reference zircons Mud Tank, 91500, Temora, R33, FC52, Pleso-
vice, and Sri Lanka were analyzed. Long-term reproducibility of secondary reference materials (e.g., 91500 zir-
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Figure 3. Ranked order and probability density plots for sepiolite detrital zir-
cons analyzed by LA-ICP-MS and SIMS. Entire age range from (a) 0 to 3000
Ma, and subplots between (b) 10 and 20 Ma and (c) 0 and 5 Ma are shown.
Dashed lines in Figure 3b correspond to subpopulations derived from the
unmixing model of Sambridge and Compston [1994]; weighted average of
the youngest zircon ages (n = 5) is stated (c). Middle Miocene and Quaterna-
ry 2%Pb/?*8U zircon ages were corrected for initial disequilibrium in 23°Th.

con) run under similar analytical conditions as
in this study is equivalent to stated uncertain-
ties (see supporting information). To more
representatively sample the sepiolite age
spectrum, U-Pb detrital zircon analyses by LA-
MC-ICP-MS were also carried out at the Arizo-
na LaserChron Center following established
protocols (S5) [Gehrels et al., 2008].

4, Results

Zircon yields range between 10 and 100 s of
grains per gram sepiolite. Grains are ~90-260
um long, with variable morphology (54% stub-
by; 46% prismatic) and mostly (60%) euhedral
to subhedral (Figure 2). Crystals are typically
oscillatory-zoned or sector-zoned in SEM-CL
(62%), but rare CL inactive (possibly metamict)
grains occur (Figure 2). Mesozoic and older zir-
cons are more likely to be anhedral. The pres-
ence of anhedral grains suggests some
reworking, but their variability renders discrim-
ination between sepiolite and target zircons
according to size and morphology impractical.

Sepiolite zircon ages (*°°Pb/**3U) span 1.89-
2889 Ma (n = 201; Figure 3a; Tables 1 and 2),
with an overwhelmingly prominent age peak
at ca. 13 Ma (Figure 3b) and minor peaks at
ca. 1.8 (Figure 3c), 27 Ma, 170 Ma, 250 Ma,
1.1 Ga, 1.8 Ga, and 2.7 Ga (Figure 3a). The
complex age distribution indicates multiple
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Table 1. U-Pb Geochronology Data Measured by SIMS

Correlation
206pp/238Y2  +162%Pb/>*8Y % radiogenic  2%°Pb/  2°°Pb/ 27pp/  27pb/  297pp/  2Ph/  of concordia  *®*Pb/  2**Pb/
Zircon #  age (Ma) age (Ma) 205pp, 38y 38y 35y 35y 205pp, 206pp, ellipses 205pp 209 Th/U  U° ppm
5 1.90 0.06 97.45 0.00030 0.000008  0.00275 0.00013 0.06602 0.00281 0.457 0.00941 000124 0.5 267828
20 8.09 0.30 95.23 0.00132 0.000045  0.01517 0.00091 0.08349 0.00412 0.566 0.03090 0.00325 084 30861
24 9.78 0.30 98.41 0.00154 0.000047  0.01247 0.00061 0.05866 0.00259 0.455 0.00806 0.00111 057 57271
8 9.80 0.31 98.12 0.00155 0.000047  0.01303 0.00091 0.06098 0.00401 0.353 001004 000168 046 31035
30 103 03 98.81 0.00162 0.000051  0.01243 0.00103 0.05554 0.00443 0.292 000175 000063 067 34243
31 126 0.5 97.37 0.00201 0.000070  0.01850 0.00174 0.06684 0.00581 0.388 0.00649 000193 065  100.94
33 126 0.5 98.47 0.00199 0.000075  0.01601 0.00144 0.05829 0.00451 0.527 000362 000128 048 12974
14 12.8 0.9 84.15 0.00236 0.000123  0.05549 0.00889 0.17020 0.02030 0.849 001644 000236 056  159.13
7 129 22 32.84 0.00609 0.000257  0.47970 0.02520 0.57150 0.01540 0.860 0.14430 000532 052 14130
18 13.1 0.5 94.10 0.00216 0.000072  0.02746 000157 0.09241 0.00395 0.666 002419 000294 043 17577
29 132 12 70.62 0.00291 0.000146  0.11080 0.01270 0.27610 0.01980 0915 006125 0.00880 044  167.04
3 132 0.5 97.75 0.00210 0.000079  0.01848 0.00163 0.06391 0.00480 0.531 0.00705 0.00187 064  123.99
1 132 0.4 97.71 0.00209 0.000065  0.01850 0.00120 0.06417 0.00376 0.434 0.00808 0.00161 059  227.69
12 133 0.5 97.02 0.00212 0.000069  0.02036 0.00137 0.06960 0.00426 0.422 001480 0.00164 081 40137
13 133 0.5 94.95 0.00218 0.000074  0.02573 0.00158 0.08580 0.00411 0.633 0.00786 000164 072  182.98
2 133 0.5 96.51 0.00215 0.000079  0.02178 000141 0.07356 0.00372 0.628 001217 000207 041  177.01
28 137 0.5 97.49 0.00219 0.000069  0.01987 0.00136 0.06595 0.00420 0.370 0.00385 000124 049  141.22
16 13.8 0.4 98.47 0.00218 0.000065  0.01749 0.00096 0.05831 0.00260 0.590 0.00625 0.00081 022  592.60
21 139 0.5 97.86 0.00220 0.000077  0.01914 000136 0.06301 0.00422 0.355 0.00615 000149 068 17040
25 14.1 0.4 99.39 0.00221 0.000063  0.01557 0.00078 0.05113 0.00197 0.644 0.00241 0.00046 035  681.63
32 14.7 0.9 71.40 0.00320 0.000126  0.11920 0.00529 0.27000 0.00997 0618 0.03984 0.00441 0.39 85.77
1 18.1 1.0 93.40 0.00301 0.000151  0.04070 0.00476 0.09804 0.00759 0.868 001451 000251 092  100.12
15 223 0.7 99.19 0.00349 0.000101  0.02540 000115 0.05277 0.00181 0.651 0.00265 0.00052 065  351.63
6 25.8 0.8 99.18 0.00405 0.000111  0.02957 0.00127 0.05295 0.00167 0.679 0.00854 0.00081 083 42847
17 98.9 3.0 98.99 0.01562 0.000465  0.12030 0.00405 0.05585 0.00077 0913 000115 000011 024  807.96
9 166 5 99.89 0.02612 0000773  0.18090 0.00558 0.05022 0.00064 0911 0.00038 0.00007 048 34243
22 168 5 99.52 0.02652 0.000838  0.19450 0.00649 0.05320 0.00058 0.946 000183 0.00020 0.7  732.11
26 185 6 99.93 0.02907 0.000827 020170 0.00596 0.05030 0.00036 0.971 0.00023 0.00003 025 1196.89
19 261 9 99.76 0.04143 0001400 030450 0.00991 0.05331 0.00066 0.930 000123 000012 0.8  399.13
23 825 25 98.91 0.13800 0.003610  1.42500 0.03670 0.07488 0.00027 0.991 0.00007 0.00001 042  557.29
4 1064 32 99.72 017990 0.005030  1.90800 0.05600 0.07693  0.00045 0.981 0.00024 0.00003 0.5 217.84
27 1904 57 101.00 034020 0.010700  5.11500 0.16300 0.10900  0.00039 0.994 0.00005 0.00001 038  465.03
10 2733 83 102.54 051490 0.019200 11.85000 0.44300 0.16690 0.00053 0.996 0.00008 0.00002 0.54 80.00

2Age after 2’Pb common Pb correction (**’Pb/?°°Pb = 0.8283).
PConcentration from U-Pb analysis (U*/**Zr,0™ relative to 91500 reference zircon with 81 ppm U).

sources (see below). Their trace element compositions is equally heterogeneous (Table 3). Discrimination
diagrams (Figure 4) indicate that sepiolite zircons have dominantly continental signatures, with only a few
outliers in the mid-ocean ridge (MOR) field of Grimes et al. [2007, 2015]. Ti-in-zircon model temperatures cal-
culated for activities of SiO, and TiO, = 1 [Ferry and Watson, 2007] range from 600 to 800°C with a mode at
725°C (Figure 4d). This is broadly equivalent to zircon from continental arc and continental rift-related mafic
rocks (600-925°C, mode 700°C) [Fu et al., 2008], but mostly below the temperatures for zircons from MOR
crustal rocks (625-1025°C, mode 750°C) [Grimes et al., 2009, 2015].

Oxygen isotope ratios (5'20) vary from 4.34%, to 9.77%, (mode 7.00%,; Figure 4e). Thirteen zircons (35%) fall
within the range of mantle §'20 values (5.3 + 0.6%,) of Valley et al. [2005] and MOR zircons (5.2 = 0.5%,) of
Grimes et al. [2011, 2013]. Like oxygen isotopes, sepiolite zircon ¢Hf, (present-day) values are heteroge-
neous, but overwhelmingly at negative values which is not expected for oceanic crustal rocks with eHf val-
ues between +9 and +26 (Figure 4e). When calculating initial ¢Hf, (Figure 4f) using the corresponding
SIMS ages, the majority of sepiolite-derived zircons (88%) have continental affinity (negative ¢Hfy, values),
with only a minor proportion of zircons being derived from largely mantle-derived magmas at the time of
their crystallization. Depleted mantle model ages of ca. 1050-1700 Ma are typical of Proterozoic magmatic
and orogenic events in the southwestern United States [e.g., Gehrels and Pecha, 2014].

5. Discussion

5.1. Sepiolite Zircon Provenance
Drainage analysis using digital elevation models [USGS, 2006] and published geologic maps [Carr et al.,
1996; Minor et al., 1993] implicates the Timber Mountain caldera complex (TMCC, Figure 1) as the dominant
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Figure 4. (a—c) Selected trace element discriminant diagrams for continental and mid-ocean ridge (MOR) zircons adapted from Grimes et al. [2007, 2015]. (d) Histogram of Ti-in-zircon
crystallization temperatures for zircons from felsic and mafic rocks [Fu et al., 2008], MOR gabbros [Grimes et al., 2009], and sepiolite. (e) Histogram of 5'80 values for zircons from the
Timber Mountain caldera complex [Bindeman and Valley, 2003], MOR gabbros [Grimes et al., 2011], and sepiolite (analytical error of 0.239,,). (f) eHf(, versus age diagram showing the
distribution of sepiolite (black squares) compared to detrital zircons in the Proterozoic Wood Canyon Formation and Cambrian Zabriskie Quartzite Formation [Gehrels and Pecha, 2014].
Depleted mantle model of Workman and Hart [2005]. The age distribution of southern Cordilleran detrital zircons is shown at the base—peaks represent major zircon-forming events
[Gehrels and Pecha, 2014]. The histogram depicts the distribution of whole-rock ¢Hf values of modern MOR rocks from the Mid-Atlantic Ridge [Thomas, 2013].
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source of detrital zircon at the sepiolite location in the Amargosa Desert. TMCC tuffs of the Paintbrush and
Timber Mountain Groups are the regionally most abundant units. Published U-Pb zircon ages [Bindeman
et al.,, 2006] range between 12.4 and 13.5 Ma (Paintbrush) and 11.7 and 12.0 Ma (Timber Mountain). Among
Miocene sepiolite zircons, Paintbrush (72%) dominates over Timber Mountain (9%) with the remainder
being likely derived from poorly dated pre-Paintbrush deposits [Byers et al,, 1976]. Identical §'®0 composi-
tions (6-79,,) for Miocene sepiolite and TMCC zircons [Bindeman and Valley, 2003] further support this prov-
enance. The youngest sepiolite zircon population averages 1.89 * 0.04 Ma (n = 5; mean square of weighted
deviates MSWD = 0.70; Figure 3c). Based on age, elevated U abundance, and overlapping ¢Hf g, these zir-
cons are correlated with old pre-caldera Glass Mountain rhyolites from Long Valley caldera, California
[Sarna-Wojcicki et al., 2005; Simon et al., 2014], ~250 km to the NW of the sepiolite location. Quaternary zir-
cons <1.89 Ma are absent in the sepiolite, which agrees with a post-2 Ma southward shift of the Amargosa
River depocenter from the Amargosa Desert to the Tecopa Basin [Morrison, 1999]. Pre-middle Miocene zir-
con crystals in the sepiolite are likely related to the Eagle Mountain Formation interpreted as being recycled
from various sources: Oligocene volcanics in the Death Valley region, the Late Cretaceous Sierra Nevada
batholith, and the Late Jurassic Hunter Mountain batholith [Niemi, 2013]. Regional sources for older zircons
are known, and for ca. 1.1 Ga ages comprise the Neoproterozoic Pahrump Group and Stirling Quartzite For-
mation, and the Neoproterozoic-Cambrian Wood Canyon Formation, as well as the Stirling Quartzite and
Cambrian Johnnie and Zabriskie Quartzite formations for ca. 1.4, 1.7, 2.7 Ga ages [Niemi, 2013]. A single sepi-
olite zircon with a Permo-Triassic age potentially corresponds to Triassic sedimentary remnants in Utah and
Nevada (Figure 4f) [Gehrels and Pecha, 2014].

5.2. Recognition and Mitigation of Zircon Contamination
In addition to standard shipboard and laboratory sample handling procedures, the following steps may
reduce the likelihood of contamination by drilling mud, or to be able to identify contaminating zircons:

1. Avoidance of cores and intervals that are heavily fractured or obviously disturbed.

2. Whole-rock analyses by shipboard ICP or portable X-ray fluorescence spectrometry of intervals for Zr con-
tent. Zircon contamination is probably more significant in low Zr, zircon-poor intervals.

3. Collection and analysis of the drilling mud used during drilling.

4. Removal of uneven surfaces on the margin of the core, although this will reduce the volume of sample
available.

5. Thorough scrubbing and washing (aided by ultrasound) of core samples before crushing.

6. Where possible, analyze zircons in situ in polished petrographic thin sections.

7. Careful comparison of magmatic or depositional ages with independent age estimates (e.g., shipboard
age-model, magnetostratigraphy). Ages significantly younger, older, or more diverse than expected,
should be treated with caution.

8. Addition of §'80, trace element, and sHf analyses on dated zircons. Our results demonstrate that
sepiolite-derived zircons are continental in origin.

9. Careful consideration of ages 1.9 Ma, 12-15 Ma, ca. 95 Ma, ca. 150-170 Ma, ca. 1.1 Ga, ca. 1.7 Ga, and ca.
2.7 Ga.

6. Conclusions

Sea Mud™ (sepiolite) contains significant quantities of zircon predominantly derived from middle Miocene
intracontinental silicic volcanics, but a wide range of other sources is involved. Collectively, zircon trace ele-
ment, 5'20, and gHf compositions classify essentially all sepiolite zircons as continental, although individual
chemical or isotopic identifiers might not always be unique. Divergence of zircon ages from shipboard age-
models and age heterogeneity can be a warning for contamination, especially for igneous or primary volca-
nic (i.e., tephra fall) rocks with typically near-unimodal zircon age distributions. Moreover, zircons in MOR
and other primitive magmatic compositions are likely to be distinguishable from sepiolite-derived zircons
by a combination of trace element and isotopic (e.g., O, Hf) analyses; therefore, wherever possible, these
should be measured in conjunction with U-Pb ages. In contrast, marine sedimentary and volcaniclastic
deposits, including pyroclastic density current deposits, are likely to include a diverse population of detrital
zircons entrained during transport, and therefore have polymodal zircon distributions. Because these can
be partly or entirely derived from continental sources, sepiolite contamination remains a concern for such
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samples. In this case, the analyzed zircon age populations should be compared to the sepiolite age peaks
reported here. Zircons analyzed in situ (e.g. in petrographic sections), in contrast, are assumed to be
trustworthy.
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