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Abstract: Olistolith production and magmatism are processes commonly associated with extensional tectonic settings, such as
rift basins. We present a cautionary exemplar from one such Precambrian basin, in which we reinterpret metabasite bodies,
previously documented as sills, to be olistoliths. We nevertheless demonstrate that, on the basis of field observation alone, the
previous but erroneous sill interpretation is parsimonious. Indeed, it is only by using isotopic age and compositional analysis
that the true identities of these metabasite olistoliths are revealed. We present new data from metabasites and metasedimentary
strata of the Kingston Peak Formation (Cryogenian) and Crystal Spring Formation (Mesoproterozoic) of Death Valley, USA.
These include field observations, U-Pb apatite ages, U-Pb zircon ages (detrital and igneous) and whole-rock geochemistry.
These data also provide a new maximum age for the base of the Pahrump Group and suggest that the Crystal Spring Diabase was
more tholeiitic than previously thought. Similar sill/olistolith misinterpretations may have occurred elsewhere, potentially
producing erroneous age and tectonic-setting interpretations of surrounding strata. This is particularly relevant in Precambrian
rocks, where fossil age constraints are rare. This is illustrated herein using a potential example from the Neoproterozoic literature
of the Lufilian belt, Africa. We caution others against Precambrian olistoliths masquerading as sills.

Supplementary material: Details of a meta-igneous boulder from P12 of the Silurian Hills, LA-ICP-MS and whole-rock
geochemistry methods and standards, and U-Pb apatite and zircon isotopic data, including standards and selected

cathodoluminescence images, are available at https:/doi.org/10.6084/m9.figshare.c.3990639
Received 9 January 2017; revised 17 December 2017; accepted 21 December 2017

Extensional tectonic settings, such as rift basins, are often associated
with the production of intrusive magmas (e.g. Tembo et al. 1999)
and with slope failure. The latter may result in the formation and
transport of bedrock megaclasts, from tens of metres to kilometres in
size, known as olistoliths (Festa ez al. 2012). This study provides a
cautionary exemplar in which these two inherently linked processes
had become confused. Mafic intrusions emplaced during ac. 1.1 Ga
rift episode were remobilized >300 myr later as olistoliths. They
were, however, misidentified, both in the literature and more
recently by the authors of this study, as in situ sills (Kupfer 1960;
Basse 1978; Shapiro et al. 2014). Such misidentification might
occur elsewhere and with significant implications. First, radiometric
dates obtained from an igneous body may be incorrectly interpreted,
as minimum rather than maximum ages for the enclosing strata. This
is especially pertinent in Precambrian successions, as fossil dating is
rarely applicable. Second, the geochemistry of an olistolith may be
erroneously used to constrain the tectonic setting of enclosing strata,
if it is believed to be an in situ sill.

This study focuses on misinterpreted metabasite bodies, from
within the Cryogenian Kingston Peak Formation (KPu) of the
Silurian Hills, near Death Valley, USA (Fig. 1). The KPu
preserves an archive of rifting, glaciation and magmatism

(Hazzard 1939; Labotka et al. 1980; Hammond 1983; Miller
1985; Prave 1999; Le Heron et al. 2014). The ‘Zipper-Rift’ model
of Eyles & Januszczak (2004) suggested that there was a causal
relationship between rifting and the pervasive glaciation of the
Cryogenian. In contrast, Li e al. (2013) questioned the importance
of this process, arguing that there was not a straightforward
relationship between diamictite distribution and palaeo-rift
location. Olistoliths are well established within the KPu of the
Goler Wash (Panamint Range), Kingston Range and Silurian Hills
areas (Fig. 1) (Miller 1985; Walker et al. 1986; Prave 1999; Calzia
et al. 2000; Macdonald ef al. 2013; Le Heron et al. 2014, in press).
Globally, olistostromes only rarely occur within Neoproterozoic
glacial successions (e.g. Baykonur Fm; Chumakov 2011). The
Silurian Hills are therefore unusual in containing multiple
olistostrome packages, enclosed by glacial strata both above and
below (Le Heron ef al. 2017).

Geological setting

In ascending stratigraphic order, the Pahrump Group consists of
the Crystal Spring Formation, Horse Thief Springs Formation,
Beck Spring Dolomite and Kingston Peak Formation (KPu).
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Fig. 1. Location maps of study area. (a) Regional sketch map with location of the Death Valley outcrop belts. Locations of (b) and (¢) and samples of this
study are indicated. (b) Geological sketch map of the western Silurian Hills region with sampled metabasite bodies shown (modified from Le Heron et al.
2017). P11-21 are mapping units of Kupfer (1960). (¢) Geological sketch map of the southern Kingston Range indicating sample locality (modified from

Busfield & Le Heron 2015).

Regionally pervasive metabasite intrusions, collectively named
the Crystal Spring Diabase (CSD), occur within and below the
Crystal Spring Formation (Hammond 1983, 1986). Two CSD
ages are published, 1069+3 Ma and 1087+3 Ma (U-Pb
baddeleyite; Heaman & Grotzinger 1992), but the latter is
preferred as it is less discordant (Bright er al. 2014). Evidence
that the CSD was intruded into wet, unconsolidated sediment
strongly suggests that it was penecontemporaneous with depos-
ition of the youngest Crystal Spring Formation, the Chert Member
(Hammond 1983, pp. 3240, 1986). The CSD is the western
extremity of the recently defined Southwestern Laurentia Large
Igneous Province (SWLLIP, c¢. 1080-1094 Ma; Bright et al.
2014). The Texas Panhandle (Li et al. 2007) is the province’s
eastern extremity. Owing to age uncertainties, the Cardenas basalt
flows (Grand Canyon; Hendricks & Lucchitta 1974; Larson et al.
1994), Pecos mafic complex (New Mexico—Texas; Kargi &
Barnes 1995) and mafic intrusions within the Pikes Peak batholith
(Colorado; Smith ef al. 1999) are only tentatively assigned to the
SWLLIP.

In ascending order, the Horse Thief Springs (HTS) Formation,
Beck Spring Dolomite and unit KP1, of the KPu, constitute one
relatively conformable unit (Mrofka 2010; Mahon et al. 2014b;
Smith et al. 2016). The basal HTS has a maximum age of 787 +
11 Ma (U-Pb detrital zircon; Mahon et al. 2014b). It contains
reworked fragments of the CSD and is separated from the
underlying Crystal Spring Formation by a regionally pervasive
unconformity, representing >300 myr (Maud 1979, 1983; Mahon
et al. 2014b). Detrital zircon spectra from above and below this
unconformity are distinctly different (Mahon et al. 2014a).
However, whereas over 30 samples from multiple localities have
been reported from above the unconformity, only three are reported
from below it and all from the Kingston Range (Vogel 2004;
MacLean 2007; MacLean et al. 2009; Mahon et al. 2014a,b; Smith
et al. 2016). Detrital zircon sample F04-DV-14 (also labelled K04-
DV-14) of Mulder et al. (2017) purports to be middle Crystal Spring
Formation. However, no stratigraphic context is provided and its
reported location (35.911535, —110.644025) is >450 km from the
nearest known Crystal Spring Formation outcrop (Mulder et al.
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2017, supplementary file 1). Therefore, as we are unable to verify
the stratigraphic context of this sample, it is omitted from this study.
The Beck Spring Dolomite is correlated between outcrops using
micropalaeontology and the §'°C ‘Islay’ anomaly (Smith ez al.
2016). It is intruded by metabasites in the Panamint Range,
unrelated to the CSD (Albee et al. 1981; Hammond 1983).
Intermediate composition meta-igneous boulders (supplementary
material) have been observed by the authors in low-grade marbles, a
few metres beneath the KPu of the Silurian Hills (Fig. 2a) (Unit P12
of Kupfer 1960).

The Kingston Peak Formation (excluding KP1) unconformably
overlies the Beck Spring Dolomite (or KP1). It is assigned to the
Cryogenian on account of glacial characteristics (e.g. Hazzard 1939;
Le Heron et al. 2014). In this paper it is referred to as simply
Kingston Peak undifferentiated (KPu), owing to the lack of marker
units and age control in the areas studied. Metabasite pillow lavas
occur only at the KPu western extremity, in the Surprise member of
the Panamint Range (Fig. 1) (Albee ef al. 1981; Hammond 1983;
Miller 1985). Hammond reported major elements from two such
pillow lavas, although amphibolite-facies metamorphism probably
mobilized these, along with selected rare earth elements for one
pillow lava. These limited data were used to suggest that the pillow
lavas are unrelated to the CSD (Hammond 1983, pp. 155-163).
Outside the Panamint Range, metabasite sills are reported at the
southeastern extremity of the KPu, in the Silurian Hills (Fig. 1).
Some of these are thought to have been intruded concurrently with
KPu deposition, suggesting a Cryogenian age (Kupfer 1960; Basse
1978). Stratigraphic correlations between the KPu of the Panamint
Range and elsewhere, such as the Silurian Hills and Kingston range
(Fig. 1), remain contested (Prave 1999; Macdonald ez a/. 2013). An
Ediacaran cap carbonate, the Noonday Formation, locally uncon-
formably or conformably overlies the KPu (Petterson et al. 2011;
Creveling et al. 2016).

In the Silurian Hills, correlating the Pahrump Group has proven
problematic (Maud 1979; Prave 1999; Mrotka 2010; Smith et al.
2016). The following summary uses the Silurian Hills mapping
units of Kupfer (1960), in ascending stratigraphic order from P1
to P20 (Figs 1b and 2a). Units P1-4 are lithostratigraphically
correlated to the lower Crystal Spring Formation members
(Arkose to Dolomite members; Roberts 1974, 1976), including
a CSD sill (Wright 1968; Hammond 1986). P5-12 are
problematic, as petrographic study has found no microfossils
(Shafer 1983), abundant 8'3C data have proven inconclusive
(Prave 1999; Mrofka 2010; Smith ef al. 2016) and lithostrati-
graphic correlations are tentative (Maud 1979). Detrital zircons
from P7 and P11 exhibit the post-unconformity age spectra
outlined above (Smith er al. 2016). However, this remains
unproven as a correlation tool. P13—19 are clearly glacial and are
attributed to the KPu (Basse 1978; Shapiro ef al. 2014; Le Heron
et al. 2017). Le Heron et al. (2017) interpreted two types of
diamictite in the Silurian Hills: (1) boulder-bearing diamictite,
transported by glacial action and characterized by rounded
basement clasts; (2) megaclast-bearing diamictite, transported
by slope failure and characterized by angular and disaggregated
carbonate clasts, including olistoliths (Fig. 2a). P20 is the
Noonday Formation (Prave 1999; Petterson er al. 2011;
Fig. 6b). Within these KPu strata, Kupfer (1960, p. 199)
described amphibolitized metabasite sills in P17. He argued
that these were injected into shallow wet sediments during the
deposition of upper P17 and lower P18, possibly with some
subaqueous extrusion. Within the overlying P18, Kupfer noted
sedimentary fragments of metabasite of the same description.
Basse (1978, p. 72) additionally logged several sills within P18
and implied that some were contemporaneous with KPu
sedimentation (Basse 1978, p. 53).

Methods

To investigate the stratigraphic context, age and source of the
metabasite bodies in the KPu of the Silurian Hills, we present the
following.

(1) Whole-rock geochemistry, field observations, U-Pb apatite
and igneous zircon ages from KPu metabasite bodies of the
Silurian Hills (samples SH1 to -5) (Table 1). This sampling
targeted the logged ‘sills’ of Kupfer (1960, p. 191) and
particularly Basse (1978, p. 72), within P17 and P18, along
with a previously unpublished metabasite body in P19
(Table 1). By way of comparison we present a similar
dataset, except without zircons, from a recognized
metabasite olistolith (Calzia et al. 2000) in the Kingston
Range (samples KR1, KR2).

(2) Whole-rock geochemistry of six in situ CSD intrusions,
from various localities, as a potential source of the KPu
metabasite bodies (samples CSD1 to -6) (Table 1).

(3) Whole-rock geochemistry and field observations of a pillow
lava (sample HC1) from the KPu of the Panamint Range
(Table 1), as a comparison with the Silurian Hills KPu
metabasite bodies.

(4) U-PD detrital zircon ages from the Crystal Spring Formation
of the Silurian Hills (samples DZ-SH1 and -2) and Black
Mountains (sample DZ-BM1), along with the proposed
Horse Thief Springs Formation of the Silurian Hills (sample
DZ-SH3) (Table 1). These data test whether characteristic
detrital zircon spectra, from above and below the Crystal
Spring unconformity, are consistently distinguishable in
multiple Death Valley localities. If so, these spectra may be
used to constrain the stratigraphy of the Silurian Hills and
their metabasites.

In the Silurian Hills, metabasite bodies and the KPu were studied
and described in detail during three field campaigns from 2015 to
2017 (Fig. 2a) (see also Le Heron ez al. 2017). Likewise, 2014 and
2015 field campaigns placed the southern Kingston Range
metabasite olistoliths (Calzia er al. 2000) into context (Fig. 2b)
(see also Le Heron er al. in press). In all samples, a number indicates
relative stratigraphic level, whereas a suffix letter indicates along-
strike duplication.

The Kingston Range olistolith (KR1) and one Silurian Hills
metabasite body (SH3B) were selected for U-Pb dating by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS). This was on the basis of abundant, well-preserved apatite in
thin section. Five samples from the uppermost Silurian Hills
metabasite (SH5) were also selected, despite apatite being less fresh
and abundant. All mineral separation used standard techniques (i.e.
jaw crushing, water table, heavy liquids and magnetic separation).
All separated metabasite samples yielded apatite; SHSA-E
additionally yielded zircons.

LA-ICP-MS was performed at Trinity College Dublin for all
apatites, along with zircons of DZ-SH1, DZ-SH2 and SH5A - E.
LA-ICP-MS was performed at the Arizona Geochronology Center
for zircons of DZ-SH3, DZ-BM1 and aliquots of SH5B and C. Full
details of LA-ICP-MS methods and standards are in the supple-
mentary material.

Whole-rock geochemistry was mostly obtained by X-ray
fluorescence (XRF). Major elements were determined at the
University of Leicester and trace elements at Royal Holloway
University of London (RHUL), with matrix corrections calculated
from major element compositions. Additionally, two samples,
SHSE and CSDS5, were also analysed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) and ICP-MS at RHUL.
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Table 1. Samples of this study

Sample  Coordinates Description Analysis

KR1 35°41.436, —115° 51.452  KPu metabasite olistolith, Southern Kingston Range X, A
KR2 35°41.418, —115° 51.457 KPu metabasite olistolith, Southern Kingston Range (immature sedimentary rock) X
SHIA ~35°32.421,—-116°05.665 KPu metabasite body, Silurian Hills (P17). Targeted sill: 4900 ft/1495 m (Kupfer), 1500 m (Basse) X
SH1B ~35°32.421,-116°05.665 KPu metabasite body, Silurian Hills (P17). Targeted sill: 4900 ft/1495 m (Kupfer), 1500 m (Basse) X
SH2 35°32.645, —116° 05.580 KPu metabasite body, Silurian Hills (P18). Targeted sill: 1875 m (Basse) X
SH3A 35°32.739, —116° 05.565 KPu metabasite body, Silurian Hills (P18). Targeted sill: 1950 m (Basse) X

X

X

SH3B 35°32.739, —116° 05.561  KPu metabasite body, Silurian Hills (P18). Targeted sill: 1950 m (Basse) ,A
SH4 35°32.767, —116° 05.556  KPu metabasite clast, near metabasite body (P18). Targeted sill: 2000 m (Basse)

SH5A 35°32.874, —116° 05.541  KPu metabasite body, Silurian Hills (P19) X, A, Z
SH5B 35°32.859, —116° 05.515 KPu metabasite body, Silurian Hills (P19) X, A, Z
SH5C 35°32.859, —116° 05.515  KPu metabasite body, Silurian Hills (P19) X, A Z
SH5D 35°32.865, —116° 05.518  KPu metabasite body, Silurian Hills (P19) X, A Z
SHSE 35°32.859, —116° 05.515  KPu metabasite body, Silurian Hills (P19) X, A Z, 1
CSD1 35°43.099, —116° 21.777  CSD metabasite, Saddle Peak Hills X
CSD2 35°43.409, —116° 22.236  CSD metabasite, Saddle Peak Hills X
CSD3 35°42.731, —116° 24.156  CSD metabasite, Saratoga Spring talc mine X
CSD4 35247916, —115° 57.517  CSD metabasite, Kingston Range X
CSD5 35°31.702, —=116° 06.232  CSD metabasite, Silurian Hills (P3) X, I
CSD6 35°46.827, —116° 07.566  CSD metabasite, Western Talc Mine X

HC1 36°04.290, —117° 10.091 KPu metabasite pillow lava, Panamint Range X
DZ-SH1 35°31.703, —116° 06.232  Granular conglomerate, Silurian Hills (P1). Crystal Spring Fm, basal conglomerate, 1.0 m above base of DZ

Pahrump Gp

DZ-BMI1 35°57.276, —116° 38.064  Granular conglomerate, Black Mountains. Crystal Spring Fm, basal conglomerate, 0.75 m above base of DZ

Pahrump Gp

DZ-SH2 35°31.727,—-116° 06.215  Granular conglomerate, Silurian Hills (P2). Crystal Spring Fm, Arkose member, c. 50 m above base of DZ

Pahrump Gp

DZ-SH3 35°31.865, —116° 06.291  Orthoquartzite, Silurian Hills (P6). Horse Thief Springs Fm (?), ¢. 250 m above base of Pahrump Gp DZ

KPu, Kingston Peak Formation; CSD, Crystal Spring Diabase; (P...), Silurian Hills mapping unit P... of Kupfer (1960); ‘Targeted sill” indicates stratigraphic position, within the
measured sections of Kupfer (1960, p. 191) or Basse (1978, p. 72), of the published ‘sill” targeted by a given sample of this study. Analysis: X, whole-rock XRF; I, whole-rock ICP-MS

and ICP-AES; A, U-Pb apatite; Z, U-Pb metabasite zircon; DZ, U-Pb detrital zircon.

Full details of whole-rock geochemistry methods and standards are
in the supplementary material.

Field and petrographic data from metabasites of the
Kingston Peak Formation and the Crystal Spring Diabase

Description

In the KPu of the Silurian Hills, samples SH1, -2, -3, -5 were taken
from metabasite bodies occurring as tabular, bed-like units at
multiple stratigraphic horizons, associated with the boulder and
megaclast diamictite facies (Figs 1b and 2a, Table 1). Sample SH4 is
from a 35 cm metabasite boulder of the boulder-bearing diamictite
facies (Figs 1b, 2a and 3b). The bodies are concordant within steep,
northward-dipping strata and are up to ¢. 10 mthick (Fig. 3a). Along-
strike they typically become disaggregated, up to the limit of their
exposure, where they often weather into boulder-like outcrops
(Fig. 3e), which may include metabasite diamictite clasts (e.g.
sample SH4, Fig. 3b). The lower margins of the metabasite bodies
are not generally exposed, whereas the intermittently exposed upper
margins are sharp (Fig. 3f). The lowermost and uppermost bodies,
SH1 and SHS, exhibit fining of crystal size towards their contact with
overlying metasedimentary units, from medium plagioclase laths to
a microcrystalline fabric (Fig. 3d). In thin section, the Silurian Hills
metabasites define two groups, broadly relating to marginally lower
(SH2, -3, -4) and higher (SH1 and -5) metamorphic grades. SH3 is
typical of the lower-grade group, with plagioclase and chlorite
representing the rock-forming minerals and the dominant accessory
minerals being biotite, calcite and apatite. SH5 exemplifies the
higher-grade group, in which the rock-forming minerals are altered
plagioclase and amphibole and the dominant accessory minerals are
calcite and apatite. Despite this, clear primary igneous textures are
preserved, including plagioclase laths and more equant millimetre-

scale feldspars. Apatites are generally hexagonal, prismatic and
euhedral, characteristic of a magmatic origin (Fig. 3c). No preferred
mineral alignment was observed within the metabasites or the
enclosing metasedimentary strata.

The uppermost metabasite body in the Silurian Hills (SHY) is
exposed intermittently along-strike for 275 m, and varies in
thickness from 0.8 to 2 m. However, one 11 m long segment is
exceptional (Fig. 4). It consists of three thinner tabular bodies, each
around 20 cm thick and 2 m long, that occur metres above (SH5C,
-D) and decimetres below (SHSE) a thicker, more continuous
metabasite body (SH5B) (Fig. 4a—d). One thinner body, SH5D,
pinches out at one margin, suggesting a lenticular geometry. Both
lower and upper margins of these bodies are well preserved. The
thicker body is medium crystalline in the core, becoming
microcrystalline towards its upper and lower margins, whereas
the thinner bodies are microcrystalline throughout. The enclosing
metasedimentary units are well bedded and often laminated. They
lack significant soft-sediment deformation but contain dropstones
(Fig. 4a, b, d and e) (Shapiro 2014; Le Heron et al. 2017). The
metabasite bodies cross-cut these strata, within decimetres of the
dropstones, except SHSE, which is bedding-concordant (Fig. 4).
Forty metres along-strike from this exceptional exposure, SH5A
exhibits typical characteristics of stratigraphically lower metabasite
bodies. Its lower margin is not preserved, it is concordant with
bedding and it weathers into boulder-like forms along-strike
(Fig. 3e), although no diabase clasts were observed within those
forms.

In the southern Kingston Range, metabasite olistoliths occur
within the middle of the olistostrome outcrop of the KPu (Fig. 1 c)
(Calzia et al. 2000). Those reported herein exceed 25 m in thickness
and are separated by metasedimentary units (Fig. 2b). Each is highly
irregular and fragmented within the stratigraphy into blocks, up to
hundreds of metres wide (Fig. 5a). Internally, these metabasite
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Cambrian

Fig. 3. Metabasite rocks in context, Silurian Hills. (a) Google Earth image (Landsat/Copernicus), looking eastward, of the lowermost metabasite body, SHI1.
(b) Disaggregated texture of metabasite in diamictite at its along-strike terminus, boulder sample SH4. (¢) Thin section of SH3B showing euhedral apatite
under crossed polars. (d) Diminishing crystal size, bottom left to top right, towards the margin of metabasite body SH1. (e) Metabasite body SH5
weathering into rounded boulder-like forms, 250 m west of the exceptional 11 m exposure. Dashed lines indicate approximate strike of metabasite body. (f)
Sharp upper contact at base of hammer, between metabasite body (SH1) and overlying diamictite.

olistoliths consist of lens-like forms (phacoids) (Fig. 5b—d), which
in some cases could be mistaken for xenoliths (Fig. 5¢). They show a
transition from coherent rock masses to disaggregated material
along-strike and the upper contact of one olistolith shows a sharp,
yet concordant, contact with overlying graded sandstones and
conglomerates (Fig. 5d). The conglomerates (Fig. 5e) contain a
variety of lithic fragments including quartzite and carbonate, but
significantly include cobbles and boulders of metabasite, some-
times set within a highly comminuted metabasite matrix (sample
KR2; Fig. 5f). There is therefore a continuum of lithologies, from
coherent but phacoidal metabasite body, through mafic sedimentary
breccia, to metabasite—quartzite—carbonate conglomerate. In thin
section, the KR1 mineral assemblage is similar to the lower-grade

metabasite group described from the Silurian Hills. Sample KR2 is
from the comminuted metabasite matrix and is therefore a highly
immature sedimentary rock, albeit of largely mafic material
(Fig. 51).

From the Kingston Peak Formation in the Panamint Range, HC1
is a finely crystalline metabasite with a sporadically developed weak
lineation (Fig. 6a). It forms a unit at least 10 m thick, concordant
with enclosing diamictites of the Surprise Member. Internally, this
metabasite consists of rounded decimetre-scale clast-like or pillow-
like forms (Fig. 6a), with similarities to forms associated with
metabasites in the Silurian Hills and Kingston Range (Figs 3e, Sc, e
and 6b). However, these forms are not accompanied by non-
metabasite material.
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laminated
siltstones

L 1 metre I
background - canyon floor

Fig. 4. Metabasite SH5 intruding dropstone-bearing strata. (a) Dropstone beneath intrusions SH5B and E. Collage of multiple images, courtesy of
C. Zalunardo. The sill is in a steep-sided canyon, c¢. 5 m deep, foreshortening the left of the image. (b) Annotated sketch of (a). (¢) SH5C dyke sharply
cutting through well-bedded country rock. (d) SHSD cross-cutting laminated sediments at a low angle, with 21 cm dropstone below. (e) Detail of 21 cm

dropstone showing deflection and truncation of laminae.

From the CSD, samples from the Silurian Hills (CSD5) and
Alexander Hills (CSD6) were examined in thin section. Both have
a mineral assemblage similar to the higher metamorphic grade
group described from the KPu metabasite bodies of the Silurian
Hills.

Interpretation

Reappraisal of the Silurian Hills succession, previously mapped
and/or logged by several researchers (Kupfer 1960; Basse 1978;
Shapiro et al. 2014; Le Heron et al. 2017), affirms that the



| |

Fig. 5. Metabasite rocks in context, southern Kingston Range. (a) 15 m wide outcrop of a 100 m long metabasite olistolith, with approximately bedding-parallel upper and lower contacts (note disaggregated character). (b)
Basal surface of the 100 m olistolith (note boulder-sized phacoids). (¢) ‘Clast” of metabasite within a groundmass of similar composition. (d) Contact between metabasite olistolith and overlying graded beds. (e) Graded
conglomerate just above the olistolith in (d); both metabasite and non-igneous clasts. (f) Thin section of KR2. Left: crossed-polars. Right: plane-polarized light. (¢c)—(e) are adapted from Le Heron et al. (in press).
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metabasite bodies, except SH5B-E, show bedding-concordant
relationships, justifying their previous interpretation as sills. Indeed,
diminishing crystal size towards the margin of the metabasite body
supports a chilled margin interpretation. Additionally, the tendency
of the metabasite bodies to crop out at or near lithological
boundaries (Fig. 1b) might suggest intrusive exploitation of
lithological contrasts. In spite of this, one observation allows for
an alternative explanation, namely the along-strike transition of the
metabasite bodies from coherent to disaggregated or brecciated
material. This disaggregated appearance is consistent with the
metabasite bodies having been transported downslope and
incorporated into the KPu as olistoliths. The long-recorded presence
of metabasite clasts in the KPu of the Silurian Hills (Kupfer 1960;
Basse 1978) is consistent with this interpretation. The uppermost
metabasite body, SHS, on the other hand clearly indicates an
intrusion in situ with its country rock, at least for an 11 m segment.
Cross-cutting of delicately laminated siltstones, without soft
sediment deformation or brecciation, is inconsistent with gravita-
tional emplacement of a metabasite body into soft or consolidated
sediments. The depositional age of the closely surrounding
dropstones must therefore be greater than the magmatic age of SHS.

The metabasite bodies of the Silurian Hills are comparable with
the metabasite olistoliths of the Kingston Range, previously mapped
by Calzia et al. (2000). Most notable is the tendency to disaggregate
along-strike into sedimentary fragments. Olistoliths are associated

Fig. 6. Comparison of rounded metabasite forms. (a) Sampled pillow lava
(HC1) from the KPu in the Panamint Range. (b) Conglomerate/diamictite
from the KPu of the Southern Kingston Range, tens of metres from
sampled metabasite olistolith KR1. Carbonate boulder, right of image.
Metabasite clast, above hammer. Compare to Fig. 3b and e (Silurian
Hills), and Fig 5c and e (Kingston Range).

with the emplacement of unsorted material (e.g. Robertson 1977),
yet a striking similarity between the upper contacts of the Kingston
Range metabasite olistoliths and a typical Silurian Hills metabasite
body is that both are overlain by well-organized (graded) deposits
(Fig. 2, see inset to a). Is it therefore possible that the metabasite
bodies of the Silurian Hills were once sills, but have been
remobilized and redeposited largely intact and have therefore
maintained stratigraphic relationships diagnostic of an in situ sill?

The Panamint Range pillow lava sample, HC1, was taken from a
unit mapped as ‘pillow basalt and amphibolite’ by Albee et al.
(1981). Its rounded forms are consistent with pillow lavas, as is its
concordance within the enveloping sedimentary rocks. These
features are, however, also comparable with features of the
Silurian Hills and Kingston Range metabasites. Moreover, Miller
(1983) reported these mapped pillow lavas locally forming pillow
breccias (sensu Carlisle 1963), which could be compared with the
along-strike disaggregation and brecciation of the Silurian Hills and
Kingston Range metabasites. The pillow lavas are, however, well
established elsewhere as being in sifu within the stratigraphy (e.g.
Miller 1985) and that interpretation is not challenged here. Instead,
emphasis is placed upon the similarities in diagnostic field
observations between the clearly transported Kingston Range
olistolith, the clearly in situ pillow lavas and the contentious
metabasite bodies of the Silurian Hills. It appears that distinguishing
between sill and olistolith, using field observation alone, may be
problematic in certain instances.

The Crystal Spring Diabase (CSD) is the proposed source of the
sampled Kingston Range olistolith (Calzia et al. 2000). From over
40 CSD samples, Hammond (1983, p. 59) observed two mineral
assemblage end members, likened to greenschist and amphibolite
facies. Neither had a preferred mineral alignment. The two CSD
samples petrographically examined herein, CSD5 and CSDG6,
closely resemble Hammond’s amphibolite end member. Likewise,
the higher metamorphic grade group of the Silurian Hills KPu (SH1
and SHS) also resembles Hammond’s amphibolite end member,
whereas the lower grade group (SH2—4) and Kingston Range
olistolith (KR1) resemble Hammond’s greenschist end member.
Hammond noted that the mineral assemblage end member of the
CSD tends to be consistent for a given locality. Thus, if we posit that
metamorphism of the CSD predated the Cryogenian transport of
olistoliths, then mixing of the two end members, within the Silurian
Hills metabasites, might suggest olistoliths transported in from
multiple CSD localities.

Although these features are consistent with a link between the
Silurian Hills metabasite bodies and the CSD, they could equally be
features applicable to other metabasites, unrelated to the CSD.
Therefore to test this proposed link further, geochemical compari-
son are required, especially of immobile trace elements.

Geochemical data from metabasites of the Kingston Peak
Formation and the Crystal Spring Diabase

Description

Major elements of the KPu metabasites (Tables 2 and 3), in the
Silurian Hills and Kingston Range, display no clear systematic
behaviour of Si0O,, Al,03, CaO, NaO and K,O (note that KR2 is an
immature sedimentary rock and not considered in this geochemistry
section). By contrast, TiO, correlates positively with P,Os and
negatively with Mg# (Fig. 7). It is bimodally distributed between a
low-Ti (KR1, SH1, SHS) and a high-Ti group (SH2, SH3, SH4).
The latter also has higher MnO. Relative to the CSD, and other KPu
metabasite bodies, SH1B is TiO, depleted but highly MgO enriched
(24.8 wt%). CSD major elements of this study, and those previously
published (Hammond 1983), show the same systematic behaviours
as described above for the KPu (Fig. 7). Unlike the KPu, however,
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all CSD samples are TiO, enriched. Nevertheless, the KPu low-Ti
group plots on the same TiO, v. Mg# and P,Os trendlines as the
CSD (Fig. 7).

The CSD and KPu trace elements, excluding the Panamint
Range, produce similar plots on multi-element diagrams (Figs 8 and
9). These diagrams are populated with typically immobile elements,
along with Ba and Sr. Within both the CSD and KPu, a ‘depleted’
(CSD3, -5, -6; SH1, -5) and an ‘enriched’ (CSD1, -2, -4; SH2, -3,
-4) trace element group are recognized. Relative to the enriched
group, the depleted group has a flatter Th-Nb—La profile and is
depleted in most plotted elements (dashed line in Fig. 8). The
Kingston Range olistolith, KR1, is intermediate between these two
groups and, in common with SH1 and SHS5 of the depleted group,
lacks a positive Ti-anomaly. Within the dropstone-associated
metabasite body, SHS5, all samples produce near-identical multi-
element plots (inset to Fig. 9a). Furthermore, multi-element plots,
using an extended range of elements determined by ICP-MS and
ICP-AES, demonstrate remarkable similarity between this metaba-
site body and the CSD from the Silurian Hills (CSD5; Fig. 9a).
Conversely, the Panamint Pillow lava (HC1) plots distinctly
differently from all other samples of this study, exhibiting light
REE depletion and a positive Nb anomaly (Fig. 9b).

Selected trace element ratios of the CSD and KPu metabasites,
excluding the Panamint Range, plot similarly to published SWLLIP
mafic intrusions from Arizona and New Mexico (Fig. 10a and b). In
La/Ba v. La/Nb space, the KPu and CSD form a single group
defining a positive correlation (Fig. 10c). By contrast, in Th/Yb
v. Nb/Yb and Th/Y v. Nb/Y space, they separate into the enriched
and depleted trace element groups noted in Figure 8, both forming
positive correlations (Fig. 10d). The scatter of these CSD and KPu
ratios is comparable with that for other published large igneous
province (LIP) data (Fig. 10c and d).

Interpretation

The similarities of Nb, La, Ce, P, Nd, Zr, Hf and Y in the multi-
element diagrams (Figs 8 and 9), along with the clustering and/or
correlation on elemental ratio plots (Fig. 10), suggest that the CSD
and KPu metabasites, excluding the Panamint Range, are comag-
matic. By contrast, owing to multi-element diagram differences
(Fig. 9b), the Panamint Range pillow lava (HC1) is unlikely to be
related to the CSD or KPu metabasites.

Major element data are often unreliable in such ancient
metamorphosed rocks and metasomatism probably mobilized the
major elements that lack systematic behaviour. Nevertheless, P,Os,
TiO, and Mg# correlations suggest that fractional crystallization
played a role in major element diversity, within a broadly basaltic
suite (e.g. DePaolo 1981) (Fig. 7, Table 2). Despite TiO, depletion,
relative to the CSD, the low-Ti KPu group is within the TiO, range
of the SWLLIP (e.g. Li et al. 2007; Bright et al. 2014) and lies on
the Mg# and P,Os trendlines of the CSD (Fig. 7). Therefore, in
conjunction with the similarities to the CSD outlined above (Figs 7—
10), the suggestion that the CSD and the low-Ti KPu group are
comagmatic remains reasonable.

The MgO of SHIB (24.8 wt%), from the lowermost Silurian
Hills metabasite body, is enriched not only above the other samples
of this study (maximum 9.0 wt%), but also above 185 MgO values
from across the SWLLIP, reviewed for this study (MgO <12 wt%;
Fouts 1974; Hendricks & Lucchitta 1974; Hammond 1983, 1990;
Larson et al. 1994; Smith et al. 1999; Li et al. 2007; Bright et al.
2014). This may partly be metasomatic, associated with high loss on
ignition (LOI; 4.83 wt%). SH1B is, however, interpreted as a less
evolved member, possibly an olivine cumulate, of the CSD-KPu
comagmatic suite. First, it lies on the same fractionation related
trendline, but with a much higher Mg# than other samples (Fig. 7).
Second, relative to other samples, it is enriched in compatible

elements Ni (821 ppm) and Cr (1693 ppm) and depleted in
incompatible elements, yet has a similar multi-element diagram
pattern (Table 2, Fig. 8).

Multi-element diagrams (Figs 8 and 9) indicate that the CSD and
KPu samples of this study have a subduction-like geochemistry; for
example, a negative Nb anomaly. As noted by Bright ez al. (2014),
such signatures are common within continental LIPs and bear
witness to contamination by crust, or interaction with subduction-
modified lithosphere. Slab break-off beneath the region, in
association with the Grenville Orogeny, could have contributed to
this anomaly (Bright et al. 2014; Mulder et al. 2017).

Hammond interpreted the CSD as mildly alkaline, based upon
major elements and ‘modest enrichment’ of rare earth elements
(1986, p. 314). However, major element mobility, under meta-
morphic conditions, renders this interpretation problematic. By
contrast, the trace element discrimination method of Winchester &
Floyd (1976, fig. 11), used in Figure 10a, is relatively robust to
metamorphic processes (Smith & Smith 1976) and the only major
element it uses, P,Os, is immobile in our samples (Fig. 7).
Figure 10a strongly suggests that all CSD and KPu of this study are
mildly tholeiitic and that other SWLLIP samples, from Arizona and
New Mexico, are likewise tholeiitic to transitional (Fig. 10a).
Therefore the CSD and SWLLIP were probably more extensional in
character than the ‘limited rifting’ suggested by Hammond (1990).
Furthermore, as CSD emplacement was penecontemporaneous with
deposition of the youngest Crystal Spring Formation, these
sediments may also have been deposited in an extensional setting,
such as a rift rather than foreland basin (see Mulder et al. 2017).
Additionally, Figure 10a suggests that the Panamint pillow lava
(HC1) is tholeiitic. This strengthens the previous tholeiite
suggestion of Hammond (1983, p. 158), which was based on very
limited immobile element data, but has often been cited as evidence
of an extensional setting during KPu deposition (e.g. Miller 1985;
Prave 1999; Mahon et al. 2014a).

Hammond (1990, fig. 8) defined two SWLLIP trace element
ratio groups, suggested to represent different parental magmas,
and noted the CSD in or near Group B only. The CSD and KPu of
this study likewise plot in or near Group B (Fig. 10b), as do
SWLLIP mafic intrusions, from Arizona and New Mexico, that
were published since Hammond’s paper. These findings support the
KPu metabasite bodies belonging to the CSD and SWLLIP.

The positive correlation of La/Ba v. La/Nb, for the CSD-KPu
comagmatic suite (Fig. 10c), suggests an ocean island basalt
(OIB) and/or asthenospheric mantle source influence (Jourdan
et al. 2009). This interpretation relies upon samples being
relatively free of crustal contamination, which Hammond (1986,
1990) argued is the case for the CSD. However, countering this,
the enrichment of samples above the mid-ocean ridge basalt
MORB-OIB defined line in Th/Yb v. Nb/Yb space (Fig. 10d)
suggests crustal contamination (Pearce 2008). The separation into
two positively correlating groups, in both Th/Yb v. Nb/Yb and Th/
Y v. Nb/Y space, supports the idea that the depleted and enriched
trace element groups (Fig. 8) are genetically related subgroups,
spanning a comagmatic suite of CSD and KPu metabasites
(Fig. 10d).

U—-Pb apatite and zircon geochronology from the
metabasites of the Kingston Peak Formation and Crystal
Spring Diabase

U-Pb dating of apatite is more challenging than U-Pb zircon dating,
as apatite typically yields lower U and Pb concentrations and higher
common Pb to radiogenic Pb ratios. This nearly always necessitates
common Pb correction. Unlike zircon, which is generally restricted
to igneous rocks of felsic composition, apatite is a nearly ubiquitous
accessory phase in igneous rocks of both felsic and mafic



Table 2. Whole-rock chemistry determined by X-ray fluorescence

SH1A  SHIB SH2 SH3A  SH3B  SH4 SH5A SH5B  SH5C SH5D SHSE  KRI KR2 CSDlI CSD2 CSD3 CSD4 CSD5 CSD6 HCI 20
Major oxides (wWt%)
SiO, 49.73 46.39 44.11 48.59 51.43 44.74 50.23 49.13 47.87  48.63 49.74 52.85 S51.11 48.75 47.15 47.45 46.50 49.31 46.77 53.62 0.92
TiO, 1.46 0.70 3.45 3.31 3.24 3.65 1.26 1.23 1.32 1.33 1.31 1.62 2.94 423 5.22 2.48 3.37 3.19 2.83 0.59 0.02
Al,O4 16.0 9.1 16.5 13.0 12.9 14.6 15.0 16.2 16.7 17.2 16.8 13.6 15.3 13.3 11.8 17.7 15.0 14.4 16.6 14.0 0.39
Fe,05 10.50 12.45 11.71 19.30 16.02 13.87 9.91 10.36 10.71 9.97 9.58 11.35 15.37 16.95 17.63 12.04 17.04 13.11 13.60 12.15 0.08
MnO 0.145 0.155 0.304  0.208 0224  0.229 0.162 0.176 0.157 0.150 0.215 0.169 0.090 0.233 0.229 0.181 0.209 0.247 0.156 0.187  0.003
MgO 8.6 24.7 4.7 3.7 5.5 6.1 8.4 7.8 9.0 8.7 7.9 7.3 8.4 4.8 4.8 6.7 53 6.5 6.8 7.0 0.09
CaO 7.5 4.8 13.4 7.1 6.1 12.0 10.4 10.2 9.7 9.0 8.6 8.6 1.9 5.8 8.4 8.4 7.2 8.0 7.9 6.9 0.09
Na,O 33 0.8 3.0 3.1 3.1 29 3.0 2.8 25 2.7 3.0 2.0 3.1 23 2.4 3.0 2.9 3.6 2.8 5.0 0.12
K,0 2.04 0.22 1.73 0.43 0.67 1.17 1.01 1.52 1.36 1.69 2.09 1.95 0.95 2.56 1.48 1.50 1.62 0.96 1.82 0.27 0.02
P,05 0.28 0.19 0.68 0.91 0.51 0.40 0.25 0.26 0.33 0.34 0.34 0.34 0.45 0.61 0.45 0.31 0.47 0.35 0.39 0.05 0.01
Trace sum  0.38 0.50 0.40 0.35 0.33 0.38 0.38 0.40 0.39 0.40 0.38 0.29 0.33 0.42 0.39 0.30 0.40 0.34 0.28 024 -
Total (N) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 -
Total (M)  99.15 99.71 98.51 99.36 99.36 99.44  99.64 98.97 99.43 99.76 99.13 99.22  100.32 99.58 99.13  100.63 99.23 98.58 99.88 99.26 -
LOI 1.66 4.83 5.83 1.06 0.84 3.05 1.92 2.84 1.18 1.74 2.10 9.73 5.30 1.81 1.00 2.47 244 1.13 2.69 132 -
Trace elements (ppm)
Ni 117.7 864.9 153.5 20.2 26.5 41.5 83.4 60.5 170.6 162.6 120.9 125.8 73.5 28.9 35.6 121.7 107.8 56.6 82.6 91.8 29
Co 34.7 91.7 73.3 71.7 61.6 39.1 40.8 29.4 39.8 39.5 37.4 44.1 29.5 53.4 48.8 48.6 57.6 45.7 56.2 50.8 1.4
Cr 3143 1784.1 253.0 <5 65.2 67.7 601.5 6719 4312 435.8 405.2 137.3 1153 <5 5.5 176.1 152.8 154.0 50.7 136.1 5
\Y 268.9 1423 410.0 398.6  436.6 698.5 318.9 3245 275.2 270.2 272.9 243.5 282.3 342.1 457.5 227.1 410.7 389.1 219.6 359.7 2.4
Sc 35.8 16.8 42.6 47.1 50.6 72.9 51.4 58.0 34.7 359 36.6 23.6 35.7 40.6 50.0 29.1 40.0 51.5 28.9 54.9 0.9
Cu 234 36.3 343 163.4  209.7 6.2 17.5 25.8 4.8 6.6 22.5 55.9 65.6 157.0 220.7 61.0 214.7 94.9 353 117.2 0.5
Zn 62.7 82.5 108.5 97.2 123.1 120.4 76.6 89.5 87.7 99.4 69.6 171.2 172.2 192.6 154.6 109.9 141.3 147.4 94.2 75.3 0.6
As 1.2 9.1 1.0 1.7 0.8 1.3 1.0 2.3 0.4 3.5 42 3.1 1.5 4.0 1.4 0.8 13.0 1.7 43 1.8 0.3
S 136 30 91 189 306 25 105 141 178 457 125 60 151 476 902 427 152 391 522 114 1.7
F 504 108 599 656 525 649 320 404 526 606 449 540 968 804 484 343 473 371 420 143 16
Cl 430 218 255 377 348 274 351 422 427 393 307 172 124 337 570 286 264 199 236 211 10.7
Br 0.4 0.2 0.3 0.5 0.5 0.3 0.2 0.7 0.3 0.6 0.4 0.7 0.3 2.8 1.4 0.6 1.1 0.5 0.9 0.6 0.1
Ga 17.0 11.1 22.3 237 20.7 23.4 17.5 17.4 18.5 17.8 16.8 17.2 20.6 25.1 232 18.1 24.8 18.8 18.6 11.0 0.7
Pb 32 1.0 12.9 10.8 9.0 12.3 12.1 7.8 13.3 17.1 9.7 7.9 8.9 18.6 159 9.0 7.7 8.4 39 4.5 0.2
Sr 531 137 303 375 225 342 469 477 493 535 532 171 102 223 253 443 390 503 486 208 1.7
Rb 82.1 2.9 68.2 16.0 21.3 45.0 29.4 58.5 39.7 62.0 75.3 443 359 81.6 40.4 48.2 38.5 28.7 50.3 10.2 0.2
Ba 517 61 563 363 344 416 456 326 412 358 448 418 475 713 458 239 526 297 289 336 5.6
Zr 1335 81.2 179.9 182.5 154.3 149.3 110.5 112.9 112.5 113.4 112.9 151.1 165.3 2229 188.1 105.6 182.3 139.6 113.7 26.1 0.7
Nb 12.6 6.2 10.2 7.2 6.4 5.5 7.5 7.1 9.6 9.6 9.5 8.5 10.1 12.3 10.1 7.2 9.7 8.6 8.0 2.1 0.3
Mo <0.2 0.4 0.6 0.4 0.4 0.9 <0.2 0.4 0.3 0.2 <0.2 0.3 0.4 0.7 0.8 0.3 0.6 0.4 0.5 0.3 0.2
Th 3.1 1.9 4.9 33 3.0 2.5 1.4 1.4 1.8 1.6 1.8 4.5 22 6.7 5.6 1.4 52 1.8 0.7 <0.3 0.3
8] 0.5 0.7 1.1 0.7 0.5 0.6 0.7 <0.4 0.5 0.6 0.6 1.5 1.0 0.9 0.9 0.5 0.4 <0.4 <0.4 <0.4 0.4
Y 26.8 14.9 42.5 53.7 39.7 389 24.5 24.1 23.7 23.8 239 243 329 46.8 41.3 26.7 37.1 33.0 26.4 16.3 0.3
La 15.6 7.6 31.8 21.4 14.3 20.2 11.3 12.2 13.5 13.3 14.3 15.1 14.5 325 26.9 12.3 26.6 13.6 12.3 <1.7 1.7
Ce 344 18.5 70.1 50.5 319 38.8 24.8 254 27.6 29.5 30.1 38.5 345 74.4 56.9 27.6 57.4 32.1 28.4 4.1 2.1
Nd 22.8 9.9 38.0 34.8 24.8 24.6 16.3 16.5 18.7 18.2 19.8 19.6 21.2 39.3 31.3 16.9 29.2 20.5 19.6 2.1 2
Sm 5.4 3.1 8.5 9.6 6.2 7.3 5.0 44 5.1 3.1 43 43 6.3 6.8 7.6 22 5.6 5.9 3.9 <2 2

(continued)
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Table 2. (Continued)

SHIA  SHIB SH2 SH3A  SH3B  SH4 SH5A  SH5B  SH5C  SH5D SHSE  KRI KR2 CSDlI  CSD2 CSD3 CSD4 CSD5 CSD6 HCI 20
Yb 29 4.6 4.0 42 2.6 3.1 33 33 34 3.0 2.7 3.6 3.8 4.0 3.7 3.4 33 2.9 29 32 1.4
Hf 35 1.8 4.0 5.0 53 29 22 22 2.6 2.3 2.6 3.6 3.9 5.6 53 3.0 5.4 3.1 22 <l.4 1.4
Cs 2 <1.2 <l.2 <1.2 <l.2 <1.2 2 <1.2 2 3 2 <1.2 <1.2 2 2 2 <1.2 <1.2 2 4 1.2

Concentrations are reported on a volatile-free basis. Major elements have been normalized to Total = 100 wt% and trace element matrix corrections were performed using those values. All Fe is reported as Fe,O5. Data marked ‘<’ indicate a measured value below the
lower limit of detection. Estimated 2o uncertainties are derived from multiple runs of a basaltic sample. LOI, Loss on Ignition; Trace sum is measured sum of trace elements expressed as oxides on a volatile-free basis, prior to normalization to 100 wt%; Total (M) is

measured sum of major elements, expressed on a volatile-free basis prior to normalization, plus Trace sum; Total (N) is sum of major elements after normalization to 100 wt%.

Table 3. Whole-rock geochemistry determined by inductively coupled plasma atomic emission and mass spectrometry

Inductively coupled plasma atomic emission spectrometry

wt% ppm

SiO, TiO, AlL,O; Fe,0; MnO MgO CaO Na,0 K,O P,0s  Total (N) Total (M) Ba Sr Y Zr Co Cr Cu Ni Sc \" Zn
SHSE  50.2 1.34 164 9.5 0.22 8.0 8.7 3.0 2.30 0.33 100.00 97.49 471.0 544.9 249 1219 344 3502 12.7 119.2 325 2336 71.5
CSDS  49.5 313 144 12.9 0.24 6.7 8.1 3.6 1.02 0.34 100.00 98.59 287.5 498.3 31.8 1559 58.1 1435 76.7 58.4 48.8 363.0 143.1
20 0.42 0.03 0.22 0.16 0.01 0.13 0.19 0.14 0.03 0.02 - - 3.4 2.6 0.4 33 23 4.0 4.6 0.8 1.2 2.8 2.9

Inductively coupled plasma mass spectrometry (ppm)

Nb Mo Cs Hf Ta Pb Th U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
SHSE 8.7 0.6 1.6 2.6 0.60 159 1.7 0.8 15.3 34.0 4.7 21.5 4.8 1.67 4.6 0.75 44 0.91 2.5 0.36 2.1 0.32
CSD5 8.0 0.8 0.7 3.6 0.61 11.7 1.2 0.6 12.4 31.6 4.5 21.6 5.26 1.91 5.5 0.93 5.5 1.19 3.1 0.44 2.7 0.41
26 0.4 0.08 0.02 0.2 0.05 0.2 0.1 0.04 0.2 0.1 0.1 0.3 0.1 0.02 0.1 0.03 0.1 0.03 0.03 0.02 0.1 0.01

Concentrations are reported on a volatile-free basis. Major and trace elements have been normalized to Total = 100 wt%, by multiplying each value by [100/reported total] for ICP-AES and by [100/(100 — LOI)] for ICP-MS. (For LOI see Table 2.) Total (M) is
measured sum of major elements, expressed on a volatile-free basis prior to normalization; total (V) is sum of major elements after normalization to 100 wt%. All Fe is reported as Fe,05. Estimated 2o uncertainties are derived from multiple runs of a basaltic sample.
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composition (Piccoli & Candela 2002). All U-Pb apatite and zircon
isotopic data, including standards and selected cathodolumines-
cence images, are reported in the supplementary material.
Apatites analysed from the Kingston Range olistolith, KR1,
yielded a well-constrained isochron on Tera—Wasserburg concordia,
with a lower intercept age of 1110 +22 Ma (MSWD=3.2; n =83,
Fig. 1la) and an unanchored (i.e. solely constrained by the
analytical data) 2’Pb/2%°Pb initial ratio of 0.9514. This age is
interpreted as recording the igneous crystallization of KR1. The

Silurian Hills metabasite body, SH3B, displays more complicated
U-Pb Tera—Wasserburg concordia systematics (Fig. 11b). The
majority of the grains, depicted by the black ellipses, define a young
lower intercept age of 78 £43 Ma (MSWD = 0.65; n =60) with an
unanchored 2°7Pb/?°°Pb initial ratio of 0.8475. Three grains,
depicted by green ellipses, define a lower intercept age of 1169 +
74 Ma (MSWD = 3.1) and an unanchored 2°"Pb/2°°Pb initial ratio of
0.9531. SH3B is interpreted as a ¢. 1.1 Ga metabasite, similar to
sample KR1, but that has experienced variable and pervasive later
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Fig. 9. Multi-element diagrams of
primitive mantle normalized trace
elements (Sun & McDonough 1989).
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with the in situ Crystal Spring Diabase,
CSDS5. Both samples from the Silurian
Hills, using ICP-MS and ICP-AES data.
Inset shows XRF data demonstrating that
all SHS samples are near-identical.

(b) Panamint Range pillow lava (HC1)

Pb loss. This is evidenced by the range in 2°’Pb-corrected ages in
Figure 11c, which range from c. 1.1 Ga to the Cenozoic.

Apatites from the uppermost, dropstone-associated, metabasite
body in the Silurian Hills, SHS, were characterized by problemat-
ically low U contents, resulting in large uncertainties. Despite this, a
poorly constrained Tera—Wasserburg intercept could be discerned,
tentatively suggesting a metamorphic or magmatic reset in late
Cretaceous—Cenozoic time, similar to sample SH3B from the same
metabasite body.

Twenty two zircons were recovered from the SH5 metabasite
body. Thirteen are older than the CSD (1144-2595 Ma) and nine are
younger (12-492 Ma). The age distribution of the older group is
similar to that of detrital zircons of this study (Fig. 12) and inherited
zircons of Shastri et al. (1991), from within Arizonan mafic
SWLLIP dykes. Only one zircon had significant age zonation, with
concordia ages of 492+25 Ma (rim) and 1121 +24 Ma (core).
Interpretation of the zircon dataset is however problematic. Sample
SHS was separated and analysed in two laboratories. Each yielded a
12.6 Ma zircon, which is significantly younger than the most recent
amphibolite-facies (i.e. the assemblage of SH5) metamorphic event
in the region (c. 90 Ma; DeWitt ef al. 1984). Zircon is usually highly
undersaturated in basaltic melts (Dickinson & Hess 1982). This
explains the extremely low zircon yield in sample SHS, but also
makes it highly vulnerable to contamination. We suggest therefore that
recent loose sediment, trapped within a fracture or a very thin duricrust,
may be the origin of these anomalously young ages. In summary,
although the majority of the zircon ages are probably inherited,
contamination cannot be unequivocally ruled out, and hence the
zircon data provide no conclusive geochronological constraint.

Detrital zircon geochronology of the Crystal Spring and
Horse Thief Springs Formations

Detrital zircons were sampled from the basal conglomerate of the
Crystal Spring Formation, in the Black Mountains (DZ-BM1) and

compared with the in situ Crystal Spring
Diabase from the Kingston range (CSD4).

Silurian Hills (DZ-SH1), and from its overlying Arkose Member
(DZ-SH2) in the Silurian Hills only (Table 1). Additionally, DZ-
SH3 is from unit P6 of the Silurian Hills and has been tentatively
assigned a position either below (Maud 1979, p. 17) or above (Smith
et al. 2016) the Crystal Spring unconformity. All samples, except
DZ-SH3, yielded unimodal age spectra, consistent with those
reported from the Crystal Spring Formation in the Kingston Range
(MacLean 2007; Mahon ef al. 2014a) (Fig. 12). Smaller secondary
peaks in these data, from 1320 Ma (DZ-SH2) to 1400 Ma (DZ-
SH1), are present but less pronounced in the published Crystal
Spring data. DZ-SH3, conversely, yielded an age spectrum very
similar to those from above the Crystal Spring unconformity
throughout the region, including the Silurian Hills samples of Smith
et al. (2016) (Fig. 12). These data suggest that a distinct Crystal
Spring Formation detrital zircon age signature may be recognized in
separate localities around the region and used as a correlation tool.
In the Silurian Hills, this approach places the unconformity below
unit P6. Furthermore, these data determine a new maximum
depositional age for the Pahrump Group, of 1371 + 14 Ma, using
the YC20(3+) statistical approach of Dickinson & Gehrels (2009).
This is based upon the five youngest zircon grains overlapping in
age at 20 uncertainty, from DZ-SH1, 1 m above the base of the
Pahrump Group in the Silurian Hills. It should be noted that the
three youngest grains from sample KO3DV04 (c. 1320 Ma; Mahon
etal.2014a) (Fig. 12) are from a different and younger depositional
system (Roberts 1974, 1976; Mahon et al. 2014a) and therefore do
not reflect a maximum age for the Pahrump Group (see Mulder ez al.
2017).

Discussion

Isotopic age and geochemical data suggest that the Silurian Hills
KPu metabasites have ages of around 1.1 Ga and are genetically
related to the CSD. This challenges conventional wisdom by
suggesting two possibilities: (1) the Silurian Hills glacial deposits
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(Smith et al. 1999).

are part of the Mesoproterozoic Crystal Spring Formation and
therefore ¢. 400 myr older than previously thought; or (2) the
metabasite bodies represent olistoliths that were transported
c. 400 myr after crystallization.

The former hypothesis, first suggested by Kupfer (1960), would
be plausible given the correlation uncertainties in the Silurian Hills.
However, detrital zircon data of this study place the Crystal Spring
unconformity hundreds of metres below the KPu in the Silurian
Hills. This confirms the existing consensus (e.g. Basse 1978; Maud
1979; Shafer 1983; Smith et al. 2016) and renders a
Mesoproterozoic glaciation unlikely.

The latter hypothesis is well precedented in the southern Kingston
Range, where field observation alone allowed an olistolith
interpretation (Calzia et al. 2000). This is supported herein by the
U-Pb age and geochemistry of sample KR1. By contrast, in the
Silurian Hills, reliance on field observation alone has hitherto

allowed the sill interpretation to remain unchallenged. This is despite
carbonate olistoliths, in the KPu of the Silurian Hills, alerting us to
the possibility of metabasite olistoliths (Fig. 2a). Likewise, along-
strike disaggregation and brecciation of metabasite bodies into
fragments within the surrounding sediments could suggest erosion
potentially resulting from transport. Importantly, however, this same
field observation is equally consistent with a sill interpretation.
Indeed, Kupfer suggested that the depth at which sills were intruded
decreased upwards in the section, possibly to the point of extrusion.
He also noted that sedimentary fragments of the same material
occurred above the shallowest of these sills (Kupfer 1960, p. 199). In
this context, the exhumation and reworking of a shallow sill into
sedimentary fragments within the overlying strata would appear a
parsimonious explanation. Only using U-Pb age and geochemical
comparison with the CSD is it possible to conclude that the Silurian
Hills metabasite bodies are in fact olistoliths.
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Fig. 11. Geochronology of KPu metabasite apatites. (a) U-Pb Tera—
Wasserburg lower intercept age for the Kingston Range olistolith, KR1.
(b) U-Pb Tera—Wasserburg lower intercept ages for Silurian Hills
metabasite body, SH3B. The younger intercept age is calculated from the
black ellipses whereas the older intercept age is calculated from the green
ellipses. The 2°’Pb/*°°Pb initial ratios in (a) and (b) are calculated from
the data obtained in this study. (c¢) *’Pb-corrected ages for sample SH3B.
The initial Pb composition is calculated using the Stacey & Kramers
(1975) terrestrial Pb evolution model, using an iterative approach
described by Chew ef al. (2011).

The uppermost metabasite body in the Silurian Hills, SH5, is
however problematic. It is an in situ sill that cross-cuts, and therefore
postdates, dropstone-bearing strata (Fig. 4). This strongly suggests
that it is of Cryogenian or younger age. However, its composition is

very similar indeed to the in situ CSD of the Silurian Hills
(Fig. 10a), which predates the Cryogenian by over 300 myr. Either
two near-identical magmas were produced in the Silurian Hills, over
300 myr apart, or SH5 is enclosed within an olistolith of >1.1 Ga
dropstone-bearing strata, which correlate with the Crystal Spring
unconformity. The former is more likely for three reasons. First, the
Crystal Spring Formation, and correlatives on the SW Laurentian
margin, has not yielded any dropstones or glacial evidence (e.g.
Roberts 1974, 1976; Mulder et al. 2017). Second, the country rock
of SH5 is a similar facies to other KPu strata, at least in the Silurian
Hills (Le Heron et al. 2017). Third, the presence of < 1.1 Ga zircons
within SH5 is consistent with a young sill.

SH1 and SHS are the only Silurian Hills metabasite bodies that
are members of (1) the depleted trace element group (Fig. 8a), (2)
the low-Ti group (Table 2, Fig. 7) and (3) the higher grade mineral
assemblage group. Given these similarities, and the interpretation of
SH5 as a «1.1 Ga sill, we must therefore consider whether SH1
may also be a ‘young’ sill. However, countering each one of these
similarities in turn: (1) Several CSD samples also belong to the
depleted trace element group (Fig. 8b); (2) the Kingston Range
olistolith has similarly depleted Ti (Table 2, Fig. 7); (3) the higher
grade mineral assemblage occurs in published CSD (Hammond
1983) and the CSD of this study (CSDS, -6). Furthermore, the
outcrop character of SH1 is more akin to the other metabasite bodies
than it is to SHS5. It is more poorly preserved, with no intact lower
margin and it lacks cross-cutting relationships. Thereforeac. 1.1 Ga
age for SH1 seems marginally more likely. This uncertainty
illustrates the potential interpretative difficulties of such metabasite
bodies, even when geochemical data are available.

One potential source of the Silurian Hills metabasite bodies is the
CSD at Saratoga Springs (Fig. 1). There it is truncated by the Crystal
Spring unconformity and reworked into the basal conglomerate of
the Horse Thief Springs Formation (Mahon ef al. 2014b). It is,
however, possible that olistoliths were transported in from multiple
localities, as outlined above in relation to the lower and higher
metamorphic grade groups of the Silurian Hills metabasite bodies.
However, can such a suggestion be reconciled with the local source
and minimal transport of olistoliths that Le Heron et al. (2017)
suggested? Perhaps there was minimal olistolith transport, but
considerable tectonic juxtaposition, between emplacement of the
stratigraphically lowest and highest metabasite bodies. If so, then
the metasedimentary packages separating olistostromes in the
Silurian Hills (Fig. 2a) may each indicate a significant period of
elapsed time. Alternatively, the metabasite bodies may have been
transported kilometres by glacial action, perhaps ultimately as ice-
rafted debris. Both these suggestions are speculative, but serve to
reinforce the potential complexity of interplay between glacial-
related and rift-related sedimentation (see Le Heron ez al. 2017).

The KPu is an important element in reconstructing the rifting of
the SW Laurentian margin (Macdonald ez al. 2013; Yonkee et al.
2014). At its western extremity, the tholeiitic pillow lavas of the
Panamint Range are commonly cited as evidence of a rift signature
during the Cryogenian (e.g. Miller 1985; Prave 1999; Smith et al.
2016). At its southeastern extremity, the “sills’ of the Silurian Hills
have similarly been cited as evidence for active tectonics during
KPu deposition (Basse 1978, p. 53). No other Cryogenian
magmatism has been confirmed from the remaining Pahrump
Group. Therefore, reinterpreting the Silurian Hills sills as olistoliths
significantly reduces the areal extent of Cryogenian magmatism for
this section of the SW Laurentian margin. In this context,
establishing whether there are indeed any Cryogenian-age
magmas in the Death Valley area, outside the Panamint Range,
becomes a priority.

The features found in the metabasite bodies of the Silurian Hills
may be found in other Precambrian extensional settings; for
example, metabasite bodies reported by Tembo et al. (1999) from
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Neoprototerozoic strata of the Lufilian belt, Zambia. These basaltic
rocks crop out as small bouldery hillocks and were assumed to be in
situ with their country rock. They are hosted within breccia and
become locally brecciated themselves. They are not reported cross-
cutting country rock. These features are reminiscent of the boulder-
like outcrops (Fig. 3e) and along-strike disaggregation (Fig. 3b) in
the Silurian Hills, along with the continuum from intact olistolith,
through mafic breccia, to conglomerate in the Kingston Range
(Fig. 5b—f). These characteristics encompass almost all of the field
observations that support reinterpretation of the metabasite bodies in
the Silurian Hills. Despite this, we do not suggest that an immediate
reinterpretation as olistoliths is required in the Lufilian belt. Indeed,
these same key field observations are reported from the pillow lavas
of the Panamint Range, which have not been remobilized. Instead,
this serves to reiterate that it may be impossible to discern sill from
olistolith, based on field observation alone, and that this problem
may occur elsewhere. Furthermore, this difficulty may be
exacerbated in Precambrian rocks, where there is a lack of
geochronological fossil markers. Indeed, we ourselves believed
the Silurian Hills metabasite bodies to be sills, intruded into shallow
wet sediments then shortly afterwards exhumed and reworked. It
was in this context that we originally sampled these metabasites, to
obtain an age for the Cryogenian in Death Valley. We realized our
mistake only when we obtained Mesoproterozoic ages by LA-ICP-
MS. This paper therefore acts as a cautionary exemplar of how
readily large-scale igneous bodies, within extensional tectonic
settings, may be misinterpreted.

Conclusions

(1) New field datacompare metabasites from three KPu localities:
an olistolith in the Kingston Range, an in situ pillow lava in the
Panamint Range and metabasite bodies in the Silurian Hills.
We find morphological similarities between the three,
including brecciation, along-strike disaggregation and
boulder-like outcrops. In the Silurian Hills these
observations support a sill interpretation, but do not
preclude an olistolith interpretation. The exception is the
uppermost metabasite body of the Silurian Hills, which cross-
cuts country rock strata and is undoubtedly an in situ intrusion.

(2) Whole-rock geochemistry suggests that all KPu and CSD
metabasite samples are comagmatic. The exception is the
Panamint Range pillow lava, which has no clear
geochemical relationship to other samples of this study.

(3) Apatite U-Pb ages from the metabasite bodies of the Silurian
Hills (1169 +74 Ma) and the Kingston Range olistolith
(1110 + 22 Ma), reported herein, are similar to the published
age of the CSD and within error of the SWLLIP. Conversely,
these ages are over 300 myr older than the depositional age of
the enclosing metasedimentary strata of the KPu.

(4) We conclude that metabasite bodies in the KPu of the
Silurian Hills, except the uppermost, despite having been
previously interpreted as sills, are in fact olistoliths.
Importantly, their outcrop characteristics are consistent
with a sill interpretation, and it is only through geochemical
and isotopic analysis that their true identity is revealed.

(5) As olistolith and magma production are both commonly
associated with extensional tectonic settings, we suggest
that such misidentification could occur elsewhere and
illustrate this with an example from the literature.

(6) This paper serves to warn others against the interpretative
difficulties of olistoliths masquerading as sills.
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