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Abstract Detailed lithogeochemical data are reported here on
early Paleozoic sedimentary rocks that host the large Howards
Pass stratiform Zn-Pb deposits in Yukon-Northwest
Territories. Redox-sensitive trace elements (Mo, Re, V, U)
and Ce anomalies in members of the Duo Lake Formation
record significant environmental changes. During the deposi-
tion of lower footwall units (Pyritic siliceous and Calcareous
mudstone members), bottom waters were anoxic and
sulphidic, respectively; these members formed in a marginal
basin that may have become increasingly restricted with time.
Relative to lower members, a major environmental change is
proposed for deposition of the overlying Lower cherty mud-
stone member, which contains phosphorite beds up to ∼0.8 m
thick in the upper part, near the base of the Zn-Pb deposits.
The presence of these beds, together with models for modern
phosphorite formation, suggests P input from an upwelling
system and phosphorite deposition in an upper slope or outer

shelf setting. The overlying Active mudstone member con-
tains stratabound to stratiform Zn-Pb deposits within black
mudstone and gray calcareous mudstone. Data for
unmineralized black mudstone in this member indicate depo-
sition under diverse redox conditions from suboxic to
sulphidic. Especially distinctive in this member are uniformly
low ratios of light to heavy rare earth elements that are unique
within the Duo Lake Formation, attributed here to the disso-
lution of sedimentary apatite by downward-percolating acidic
metalliferous brines. Strata that overlie the Active member
(Upper siliceous mudstone member) consist mainly of black
mudstone with thin (0.5–1.5 cm) laminae of fine-grained ap-
atite, recording continued deposition on an upper slope or
outer shelf under predominantly suboxic bottom waters.
Results of this study suggest that exploration for similar strat-
iform sediment-hosted Zn-Pb deposits should include the out-
er parts of ancient continental margins, especially at and near
stratigraphic transitions from marginal basin facies to overly-
ing slope or shelf facies.
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Introduction

One of the major uncertainties in genetic models for sediment-
hosted stratiform Zn-Pb deposits is whether the base-metal
mineralization is chiefly of syngenetic or epigenetic origin
(e.g., Leach et al. 2005; Wilkinson 2014). Many workers have
assumed that these deposits formed chiefly by syngenetic pro-
cesses, i.e., directly on the seafloor coeval with sedimentation.
However, numerous textural, geochemical, and isotopic
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studies have provided compelling evidence for an early or
late diagenetic deposition of the base-metal sulphides.
Examples include Paleoproterozoic deposits at HYC (Chen
et al. 2003) and Century in Queensland (Broadbent et al.
1998), Devonian deposits at Tom and Jason in Yukon
Territory (Magnall et al. 2016), and Mississippian deposits
at Red Dog and Anarraaq in Alaska (Kelley et al. 2004a, b;
Johnson et al. 2015). Although the current state of knowl-
edge does not rule out, a priori, a syngenetic model for a
specific deposit, a growing consensus is that predominantly
syngenetic-exhalative mineralization is uncommon during
the formation of sediment-hosted stratiform Zn-Pb deposits
(Leach et al. 2005; Wilkinson 2014). Leach et al. (2010)
adopted the term clastic-dominated Pb-Zn (CD Pb-Zn) as a
descriptive classification for a class of predominantly strati-
form deposits that formed by syngenetic and/or diagenetic
processes; this term is used herein.

A related issue in the syngenetic-epigenetic debate is the
redox state of bottom waters during mineralization. Redox
conditions are key factors to evaluate because anoxic or
sulphidic (euxinic) bottom waters are generally considered a
prerequisite for exhalative deposition by providing a large
fluid reservoir of H2S for sulphide formation and by excluding
dissolved O2 that would promote the oxidation of sulphide
minerals on the sea floor (e.g., Goodfellow 1987; Kříbek
1991; Turner 1992). Previous geochemical studies have pro-
posed anoxic or sulphidic bottom waters for some deposits,
including the Mesoproterozoic Sullivan orebody in British
Columbia (Goodfellow 2000), the Ordovician Citronen
Fjord deposit in North Greenland (Slack et al. 2015b), the
Devonian Tharsis deposit in Spain (Sáez et al. 2011), and
the Devonian Tom and Jason deposi ts in Yukon
(Goodfellow 2007; cf. Magnall et al. 2016). In contrast, a
range of bottom-water conditions from sulphidic to oxic has
been suggested for host rocks of the Mississippian Red Dog
and Anarraaq deposits (Slack et al. 2004a; Johnson et al.
2015). It is important to emphasize, however, that if a late
diagenetic (or metamorphic) timing of mineralization can be
demonstrated for a sediment-hosted Zn-Pb deposit, then the
redox state of bottom waters during the deposition of imme-
diately underlying and overlying strata is not directly relevant.
However, anoxic or sulphidic redox states of such waters
could be important for very early diagenetic mineraliza-
tion—occurring within unlithified sediments—based on evi-
dence for the downward migration of reduced bottom waters
into Fe-limited sediments of late Pleistocene age in the
Cariaco Basin (Lyons et al. 2003).

In this report, we use whole-rock geochemistry to evaluate
bottom-water redox conditions and local sedimentary envi-
ronments during formation of the XY Central (XYC) Zn-Pb
deposit in the Howards Pass district of eastern Yukon and
adjoining Northwest Territories. Both parameters are
emphasized in the context of recent studies by Gadd et al.

(2016b, 2016c) based on microtextural and laser ablation
ICP-MS data and in situ sulphur isotope analyses, which col-
lectively provide strong evidence of syngenetic to early dia-
genetic Zn-Pb mineralization in the district. Therefore, efforts
to constrain paleoredox conditions at Howards Pass during
s ed imen t a t i on a r e mean ing fu l . I n add i t i on t o
lithogeochemistry of the host sedimentary rocks, our study is
supported by petrography, scanning electron microscopy
(SEM), X-ray diffraction (XRD), and electron probe micro-
analysis (EPMA). Integration of these data, together with in-
sights from modern and ancient sedimentary realms, is used
here as a basis for re-evaluating the sedimentary environments
of the Howards Pass Zn-Pb district and for providing applica-
tions to mineral exploration in the region and elsewhere.

Geological setting

The Howards Pass Zn-Pb district is mainly in easternmost
Yukon Territory with an extension into adjacent Northwest
Territories (Fig. 1). This district is within the Neoproterozoic
to Devonian Selwyn Basin that contains stratiform sediment-
hosted Zn-Pb and barite deposits, adjacent to the Mackenzie
carbonate platform (Cambrian-Devonian) that hosts
stratabound Mississippi Valley-type (MVT) deposits (e.g.,
Goodfellow 2007). The Howards Pass district forms a
northwest-trending belt that extends at least 38 km along
strike and contains 15 separate Zn-Pb zones (Fig. 2). All major
sulphide zones occur within the Duo Lake Formation of the
Ordovician to Silurian Road River Group (Fig. 3). Basal strata
in this part of the Selwyn Basin, stratigraphically far below the
Duo Lake (Gordey and Anderson 1993), are shale and minor
sandstone of the Neoproterozoic to Cambrian Narchilla
Formation. Similar siliciclastic lithologies, together with
minor limestone, occur in the overlying Gull Lake
Formation of Cambrian age. Above this succession and
directly below the Duo Lake is limestone of the Cambrian
Rabbitkettle Formation, overlain by a transition unit that
Hodder et al. (2014) interpreted as a major regional
décollement zone. No volcanic rocks are known within the
Duo Lake Formation in the district, but volumetrically minor
alkalic and potassic basalts occur in correlative strata else-
where in the Selwyn Basin (Goodfellow et al. 1995 and
references therein).

Morganti (1979) proposed stratigraphic subdivisions in the
district that have been followed by all subsequent workers.
These subdivisions are used herein, but the informally named
Howards Pass formation is not. Hodder et al. (2014) estimated
that in the district, the Duo Lake Formation varies in thickness
from 230 to 300 m. The lowermost unit is the Pyritic siliceous
mudstone member (Fig. 3), 2 to 10 m thick, consisting of dark
gray to black dolomitic mudstone, with pyrite concretions and
thin pyrite laminae; dolomite is common based on this study
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(not reported by previous workers). Above this member is the
Calcareous carbonaceous mudstone member (50–100 m),
which comprises dark gray, typically carbonaceous and calcar-
eous mudstone (in places with minor K-feldspar and
hyalophane; Goodfellow and Jonasson 1986), and the Lower
cherty mudstonemember (15–30m) composed chiefly of black
carbonaceous mudstone with phosphorite beds locally near the
top. The overlying Active member, commonly 20 to 30 m
thick, hosts nearly all known Zn-Pb zones in the district and
contains sphalerite and galena with minor pyrite, black mud-
stone, and chert; highly siliceous rock is present near the top.
Phosphorite occurs locally at and near the base. Above the
Active member is the Upper siliceous mudstone member (20–
90 m), which comprises gray to black mudstone typically with
thin (0.5–1.5 cm) beds of very fine-grained phosphorite and
minor limestone, with local pyrite-rimmed carbonate concre-
tions up to 1 m in diameter (Goodfellow 2007). The lower part
of the upper siliceous mudstone member also contains highly
siliceous beds. Overlying the Duo Lake is the Upper Silurian
Flaggy mudstone member (Morganti 1979) of the Steel
Formation, 100 to 140 m thick, consisting mainly of gray dolo-
mitic mudstone with distinctive bioturbated structures (Morganti
1979; Gordey andAnderson 1993). The Flaggymudstonemem-
ber is overlain by the Backside siliceous mudstone member of
the lower Portrait Lake Formation (Earn Group).

Ages of the stratigraphic units are based on graptolites and
conodonts (see summary in Kelley et al. 2016, Fig. 9).

Graptolites from the Duo Lake Formation regionally range in
age from Early Ordovician to late Silurian (Gordey and
Anderson 1993). No faunal age is available for the Pyritic sili-
ceousmudstonemember. Graptolites in the overlyingCalcareous
carbonaceous mudstone member and near the top of the Upper
siliceous mudstone member are Late Ordovician and middle
Silurian, respectively (Morganti 1979). Conodonts in the
Active member are early Llandovery (Norford and Orchard
1985), which correlates with the early Silurian range of 441 to
439Ma using the time scale of Gradstein et al. (2012). The age of
the Flaggy mudstone member is poorly constrained but is in part
late Ludow based on graptolites from outside the Howards Pass
district (Gordey and Anderson 1993). Conodonts at seven lo-
calities northwest of the district yield Late Ordovician to early
Silurian ages and have conodont alteration indices (CAI) of
4.5 to 5.0 (McCracken 2014), the latter reflecting burial tem-
peratures of ca. 300 to 400 °C (see Rejebian et al. 1987).
Within the district, conodonts from the Duo Lake Formation
are uniformly black and suggest a similar temperature range
(Norford and Orchard 1985).

The structure of the Howards Pass district is more complex
than described by early workers. Detailed structural mapping
throughout the district by Hodder et al. (2014) and Martel
(2015) indicates that much of the local succession is cut by
district-scale thrust faults, with the result that simple application
of the long-standing stratigraphic framework (Fig. 3) is locally
problematic, especially where parts of units have been repeated
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or removed by faulting. Deformation took place during Early to
Middle Cretaceous docking of western (present coordinates) al-
lochthonous terranes with the North America continent (Gordey

and Anderson 1993). In addition to thrust faults, deformation in
the district produced folds, duplex structures, and local mylonite
zones; a late cleavage is also present (Hodder et al. 2014; Martel
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2015). Some deposits such as XYC (Fig. 4) and DON are rela-
tively undeformed. Significantly, whereas previous studies attrib-
uted the northwest-trending belt of Zn-Pb deposits in the district
to mineralization in separate depositional basins (e.g., Morganti
1979; Goodfellow and Jonasson 1986; Goodfellow 2007), the
recent work by Hodder et al. (2014) suggests that this alignment
of deposits is a structural artifact of the surface traces of parallel,
southwest-dipping thrust faults.

Zn-Pb deposits

Exploration history and deposit styles

Exploration work in the late 1960s by Placer Development Ltd.
culminated in the 1972 discovery of Zn-Pb deposits. This dis-
covery was guided by stream-sediment geochemical anomalies
and the subsequent identification of base-metal showings in out-
crops. Drilling programs began in 1973 and continued until
1979. From 2005 to 2012, extensive new drilling and exploration
by Selwyn Resources Ltd. (formerly Pacifica Resources Ltd.)
and Selwyn Chihong Mining Ltd. delineated total (district-

scale) indicated resources of 185.6 Mt at 5.20 % Zn and
1.79 % Pb and inferred resources of 237.9 Mt at 4.47 % Zn
and 1.38 % Pb (Kirkham et al. 2012). The XYC deposit is the
largest known in the district, containing 45.1 Mt of indicated
resources at 5.7 % Zn and 2.4 % Pb and 44.1 Mt of inferred
resources at 4.10 % Zn and 1.29 % Pb. On a global scale, the
26.9Mt of total Zn + Pb resources in the Howards Pass district is
one of the largest known within the class of sediment-hosted
stratiform Zn-Pb deposits (Goodfellow 2007; Leach et al. 2010).

The Zn-Pb deposits form isolated lenses of massive to
semimassive sphalerite and galena, typically accompanied by
minor pyrite. Individual deposits are tens to hundreds of meters
wide and up to 60 m thick. Layers composed of abundant sphal-
erite and galena are typically intercalatedwith blackmudstone or,
less commonly, gray siliceous mudstone or chert. With few ex-
ceptions, elevated contents of Zn and Pb (>2 % combined) are
restricted to the Active member. However, drill core logs and
assay data show base-metal concentrations of ∼1–2 % Zn + Pb
locally in the uppermost part of the underlying Lower cherty
mudstone member and below in the Calcareous carbonaceous
mudstone member.Within the XYC deposit, abundant sphalerite
and/or galena occur in thin intervals of hangingwall strata above
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the Active member. Examples include the middle part of the
Upper siliceous mudstone member that has up to 7 % Zn over
0.5 m intervals, and much higher stratigraphically in the upper
part of the Backside siliceous mudstone member (lower Portrait
Lake Formation), which locally contains laminated sphalerite
and galena (Gadd et al. 2016b). However, it is uncertain if these
occurrences of high Zn-Pb contents in the footwall and
hangingwall members are primary, or instead represent thrust
repetitions of mineralized intervals derived from the Active
member.

Mineralogy and textures

Based on petrographic studies (Jonasson and Goodfellow 1986;
Goodfellow and Jonasson 1986; Gadd et al. 2016b), ore minerals
in the Activemember of the Howards Pass deposits are dominant-
ly sphalerite with lesser galena and pyrite and rare chalcopyrite.
Pyrrhotite, millerite, and molybdenite occur in trace amounts.
Gangue constituents include quartz, organic matter, minor carbon-
ate, and sparse illite/smectite. Barite has not been reported from the
Zn-Pb zones. Beds and laminae of black mudstone intercalated
between sulphide layers consist mainly of quartz, illite-smectite,
and organic matter, together with minor carbonate and pyrite.
Apatite is generally rare but is locally abundant near the strati-
graphic base of the Active member. In domains of minimal

deformation, sphalerite and galena form bedding-parallel lamina-
tions up to several centimeters thick, typically interspersed with
black mudstone and 0.1- to 1-cm-thick laminae composed of
framboidal pyrite ∼3 to 25 μm in diameter (Fig. 5a; Jonasson
and Goodfellow 1986; Gadd et al. 2016b). Some laminae consist
of graded framboids (Jonasson and Goodfellow 1986). Pyrite also
forms isolated framboids having a large size range (∼5–50 μm),
aggregates of framboids, and euhedral grains 1 μm to 0.5 cm in
diameter. Pyrite replaces, to varying extents, algal structures,
sponge spicules, and radiolarians (Jonasson and Goodfellow
1986). Black mudstones within underlying and overlying mem-
bers of the Duo Lake Formation contain similar size ranges of
framboidal and euhedral pyrite, although pyrite in these units is
generally minor (<3 vol%) relative to that in the Active member.
Pyrite nodules 0.5 cm to several centimeters in diameter, which
occur throughout the Duo Lake Formation, display radial or her-
ringbone textures and consist solely of pyrite or contain abundant
silicate inclusions (Gadd et al. 2016b). Where early textures are
best preserved, sphalerite forms small (∼10 to 50μm) grains with-
in bedding-parallel laminae, typically intercalated with pyrite
framboids (Jonasson and Goodfellow 1986).

Deformational features are widespread in rocks of the district
including sulphide zones of the Active member (Jonasson and
Goodfellow 1986;McClay 1991; Hodder et al. 2014; Gadd et al.
2016b). The sulphides and related gangue display a variety of
post-sedimentation structures and textures. Recrystallization in-
creased grain sizes, especially for pyrite, by forming layers of
coarse crystals and euhedral rims on framboidal pyrite aggre-
gates. Other documented features within the sulphide zones are
intrafolial folds, truncated beds, shears, attenuated laminae,
cleavage, dilational and crack-seal veins, boudinage, and diapirs;
prominent galena-rich veins are localized in the axial surfaces of
small-scale folds. In many areas, sphalerite and galena occur in
very fine-grained sulphide veins and pressure-solution seams that
cut bedding in diverse styles (Gadd et al., 2016b); some discor-
dant galena- and sphalerite-rich seams are probable mylonites
(this study; Kelley et al. 2016).

Phosphate and phosphorite

Early studies of the Howards Pass deposits described thin beds
and laminae of phosphate (apatite) in hangingwall strata above
the Zn-Pb zones (Goodfellow et al. 1983; Goodfellow and
Jonasson 1986). These apatite laminae characterize much of the
Upper siliceous mudstone member, forming thin (0.5–1.5 cm)
beds of very fine-grained apatite that display small-scale,
ptygmatic folds (Fig. 5b). Organic-rich mudstone immediately
below or above the apatite laminae locally contains thin (1–2 cm)
beds of gray limestone with disseminations, rims, and fracture
fillings of late pyrite. Although not visible in hand specimen, in
detail the laminae have a detrital texture defined by angular
grains or fragments of apatite typically <200μm in diameter with
inclusions of calcite, quartz, or organic matter, set in a quartz or

a

b

Fig. 5 Photographs of drill core samples. a Finely laminated pyrite with
minor sphalerite and sparse galena (white) in black mudstone, from mid-
dle of Active member, DDH DON-111-123.3 m. b Thin contorted lam-
inae of apatite (light) in dark organic-rich mudstone, from upper part of
Upper siliceous mudstone member, DDH XYC-116-225.0 m. Left and
right arrows indicate pyrite veinlets and disseminations in thin limestone
beds, respectively. Coin is 1.9 cm in diameter
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calcite matrix (Fig. 6a); the apatite grains in some laminae are
variably replaced by calcite.

Significantly, apatite concentrations are more widespread
stratigraphically in the district than reported previously. Themain
horizons are in the lowermost part of the Active member and the
uppermost part of the underlying Lower carbonaceous mudstone
member. These intervals locally contain >18 wt% P2O5 and
hence are true phosphorites (e.g., Trappe 1998), which have

not been described in prior studies. Thicknesses of the phospho-
rites and other phosphate-rich beds range from several centime-
ters up to ∼0.8 m. The predominant constituent is phosphate,
accompanied by subordinate quartz, with lesser organic matter
and calcite, plus sparse amounts of illite/smectite and pyrite.
Most samples are deformed and contain sheared and variably
recrystallized phosphate grains. Where early textures are pre-
served, individual phosphate grains vary from about 50 to
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Fig. 6 Images of drill core samples. All are SEM-BSE (backscattered-
electron) images unless noted. a Phosphatic lamina enclosed by organic-
rich mudstone (left and right) from upper part of Upper siliceous mud-
stone member; note clastic grains of apatite in calcite matrix and late
calcite veinlet; DDHXYC-116-225.0 m. b Photomicrograph of phospho-
rite from upper part of Upper cherty mudstone member, showing angular
to rounded grains of apatite in a matrix of organic matter (black) and
minor quartz (white); DDH XYC-216-157.1 m. c Clastic texture in phos-
phorite from uppermost part of Lower cherty member, showing angular
grains of apatite and calcite in matrix of quartz and sparse organic matter

(black); DDH XYC-145-98.0 m. d Round apatite peloid or phosphatic
bioclast infilled by pyrite, sphalerite, and minor calcite and organic mat-
ter, surrounded by clastic matrix of apatite, calcite, and quartz, all within
clastic-textured phosphorite; DDH XYC-145-98.0 m. e Pyrite framboids
in organic-rich mudstone from upper part of Lower cherty member; DDH
XYC-116-370.3 m. f Pyrite framboids in organic-rich mudstone from
upper part of Active member; DDH XYC-116-326.8 m. Abbreviations:
Ap apatite, Ca calcite, OM organic matter, Qtz quartz, Py pyrite, Sl
sphalerite

572 Miner Deposita (2017) 52:565–593



150 μm in diameter and display a clastic appearance within a
matrix composed of varying proportions of organic matter, cal-
cite, and quartz (Fig. 6b, c); rare coated grains have concentric
growth zones developed along outer rims. A few phosphorites
from the Active member contain appreciable sphalerite and ga-
lena, locally forming intergrowths with pyrite enveloped by a rim
of laminated phosphate (Fig. 6d). The lower part of this member
locally has laminae 0.5–1.5 cm thick composed of very fine-
grained apatite intercalated with organic-rich mudstone that are
very similar to occurrences in the Upper siliceous mudstone
member.

Limestone

Beds 1 cm to as much as 2.5 m thick composed mainly of
limestone occur throughout the lower part of the Duo Lake
Formation but are volumetrically minor. The Active member
contains siliceous limestone at and near the top and the base
(Goodfellow and Jonasson 1986); this distinctive argillaceous
limestone is used as a stratigraphic marker in the district. The
underlying Lower cherty mudstone member contains thin
limestone beds less than 0.5 m thick intercalated with black
mudstone. Limestone beds also occur in the Pyritic mudstone
member, but these appear to be uncommon.

Some intervals of limestone observed in drill core display
graded bedding and cross-laminations that appear to be primary
structures. All samples examined display fine-scale (<1 mm to
0.5 cm) layering and contain recrystallized calcite, minor organic
matter, and sparse pyrite; limestone from the upper part of the
Lower cherty mudstone member locally contains well-preserved
radiolarians and sponge spicules (J.A. Dumoulin, written
commun., 2013). Another sample of limestone from the top of
the Active member has minor sphalerite and galena (2110 ppm
Zn, 233 ppm Pb; DDH XYC-116-321.5 m).

Materials and methods

This study was designed to characterize in detail the bulk
geochemistry of host rocks to the XYC deposit and evaluate
the depositional conditions of these strata prior to, during, and
after Zn-Pb mineralization. Drill cores were chosen with the
goal of maximizing stratigraphic coverage and minimizing
oxidation effects. Core XYC-116 was considered representa-
tive, although like most cores in this part of the district it does
not penetrate the lower members of the Duo Lake Formation,
below the Lower chertymudstonemember. Core H-42 studied
by Goodfellow and Jonasson (1986), which intersected all
members of the Duo Lake Formation, was not available for
sampling. Core XYC-167 was selected to provide coverage of
these lower strata, especially the Pyritic mudstone member.
Locations of cores XYC-116 and XYC-167 are shown in
Fig. 4. In total, 49 samples were analyzed from these two

cores. A smaller number of samples (15) was collected from
the Don deposit (Fig. 2; core DON-111), for comparison.

Samples used for bulk geochemistry were chosen so that
only one lithology was represented. This strategy was
achieved in most cases, except for several samples from the
Upper siliceous mudstone member that contain interlaminated
black mudstone and apatite, which were submitted as single
samples, and hence yield mixed data for both lithologies.
Also, intervals having visible sphalerite or galena were not
analyzed, although microscopic and compositional data for
these samples indicate that several contain minor amounts of
these sulphides. Intervals containing visible pyrite were sam-
pled, but not those having relatively thick (>1 cm) laminae.

Mineralogical studies were done at the U.S. Geological
Survey in Reston, Virginia, using standard petrography (trans-
mitted and reflected light), and scanning electron microscopy
(SEM) for which two instruments were used. A JEOL JSM-
840 SEMwas operated at 15 kVand a beam current of 40 nA.
This instrument has a LaB6 electron emitter equipped with an
EDAX energy-dispersive X-ray analytical system (EDS),
which provides qualitative and semiquantitative elemental da-
ta. A Hitachi SU-5000 field-emission SEM was operated at
15 kV with a spot intensity of 30 at a working distance of
10 mm and used an EDAX Octane Plus Silicon Drift
Detector EDS for compositional analysis.

Identification of fine-grained minerals was done by a
PANalytical X’Pert Pro diffractometer, utilizing Cu Kα radi-
ation to collect digital diffraction data continuously from 3° to
70° 2θ (scan speed = 0.0567° 2θ/s). PANalytical Highscore
Plus software version 4.1 (2014) was used for pattern process-
ing and semi-quantitative mineralogical analyses by Rietveld
refinement, with an overall method reliability (determined
from in-house prepared mixtures of comparable mineralogy)
of ±1 % absolute (1σ) and minimum detection limit of 0.5 %.

Compositions of apatite were obtained by a JEOL JXA-
8900R five-spectrometer, fully-automated electron micro-
probe at the U.S. Geological Survey in Denver, Colorado.
Instrumental conditions were 15 kV, 20 nA beam current,
and wavelength-dispersive X-ray spectrometry, using both
natural and synthetic standards for major elements including
Wilberforce (Ontario) apatite for F and Cl. Results for these
halogens are constrained by variable crystallographic orienta-
tion and possible beam-induced migration during analysis
(Stock et al. 2015).

Samples submitted for geochemical analysis consist of
short intervals of split drill core ca. 5 to 8 cm in length,
trimmed of weathered surfaces and veins, and pulverized
in an alumina-ceramic mortar. All analyses were done at
Activation Laboratories in Ancaster, Ontario. Major, se-
lected trace, and rare earth elements (REE) were deter-
mined by ICP-MS on rock powders fused with lithium
metaborate/tetraborate prior to analysis in order to insure
complete acid dissolution of resistate minerals such as
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zircon, monazite, xenotime, and barite. Instrumental neu-
tron activation analysis (INAA) was used for As, Sb, Sc,
and Cr. Concentrations of Li, B, Ga, Co, Cd, Au, Pb, Mo,
Re, Te, and Se were acquired by high-resolution ICP-MS
following a multi-acid digestion of powders. Total carbon
and sulphur were determined by LECO infrared analyzer,
CO2 by coulometry after digestion with 2 N perchloric
acid, total organic carbon (TOC) by difference after CO2

removal and ignition to 600 °C, and SO4 by difference
after roasting to 850 °C; F was analyzed by specific ion
electrode. Analyses were made on duplicate samples and
on 8–12 standards. Precision and accuracy for concentra-
tions ≥100 times the minimum detection limit (MDL)
generally were better than ±5 % relative and in many
cases, such as for major elements, were better than
±1 % relative. For concentrations approximately 10 times
the MDL, precision and accuracy were about ±10–20 % rela-
tive, depending on the method used. Details of the various
analytical methods are available online at www.actlabs.com.

Lithogeochemistry

Mudstone

Lithogeochemical data for selected components in cores
XYC-116 and XYC-167 are shown in Fig. 7 and listed in
Table 1 and Supplementary Data Table 1. Among 47 samples
analyzed from these two cores, SiO2 varies from 50.8 wt% to
as much as 96.1 wt%, with the highest contents (>88 wt%)
occurring in the upper part of the Active member and the
lower part of the Upper siliceous mudstone member. MnO
(not shown) is less than 0.05 wt% in all samples. TiO2 does
not exceed 0.8 wt%. Contents of P2O5 are uniformly low
(<0.6 wt%) except in four intervals (1) the upper part of the
Flaggy mudstone member where a few samples contain up to
2.7 wt% P2O5; (2) the Upper siliceous mudstone member,
especially the upper part where seven samples over 13.3 m
have 3.33 to 10.2wt% P2O5; (3) locally in the lower part of the
Active member where very high P2O5 contents (>18 wt%)
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Table 1 Representative whole-rock analyses of mudstone from Howards Pass district

Sample 1 2 3 4 5 6 7 8 9 10
Unit FLMD USMS USMS USMS ACTM ACTM ACTM LCMS CCMS PSMS

SiO2 (wt %) 60.87 60.08 61.11 85.80 74.31 68.35 69.78 81.35 51.87 57.66
Al2O3 13.73 4.10 4.82 1.26 1.48 5.08 1.37 2.96 9.66 12.02
Fe2O3

T 2.39 0.54 1.71 0.62 1.11 1.05 3.59 1.27 3.83 4.25
MnO 0.018 0.004 0.026 0.006 0.015 0.005 0.023 0.012 0.026 0.020
MgO 1.71 0.28 0.54 0.11 0.16 0.35 0.15 0.34 3.12 3.73
CaO 2.15 13.73 11.67 3.74 6.23 0.34 8.81 0.92 8.70 3.69
Na2O 0.13 0.08 0.05 0.02 0.02 0.02 0.01 0.03 0.07 0.05
K2O 5.36 1.87 1.79 0.48 0.45 1.89 0.50 1.05 4.22 5.78
P2O5 0.11 10.16 0.09 2.59 0.14 0.22 0.23 0.25 0.59 0.17
TiO2 0.687 0.209 0.222 0.047 0.062 0.249 0.068 0.155 0.476 0.568
LOI 8.41 7.90 16.73 3.92 14.41 20.71 13.48 12.59 15.23 11.00
Total 95.57 98.95 98.76 98.60 98.39 98.27 98.02 100.90 97.81 98.94
F 0.06 0.86 0.20 0.24 <0.01 <0.01 <0.01 0.01 0.01 0.09
CO2 3.25 0.05 8.96 0.34 4.85 0.35 7.33 0.47 10.7 6.72
TOC 3.01 6.29 5.50 2.94 7.88 16.48 4.35 10.5 2.54 1.34
Total S 1.04 0.32 1.31 0.57 0.72 0.82 2.73 0.53 1.39 1.79
SO4 0.6 <0.3 <0.3 1.2 0.7 <0.3 1.4 <0.3 0.5 1.0
Li (ppm) 6.6 4.0 3.2 2.5 2.0 2.9 1.9 3.0 17.4 15.2
Be 3.0 2.0 3.0 0.5 0.8 1.7 0.8 2.0 1.2 1.0
B 29 39 15 16 14 35 9 13 39 23
Ga 19 7 6 2 3 9 2 5 13 16
Ge 2.6 2.5 1.9 1.0 4.2 7.7 4.9 3.0 1.4 <0.5
Sc 15.1 4.1 7.3 2.5 2.1 4.8 1.5 2.8 9.1 11.9
V 197 115 451 286 492 1626 283 2599 689 139
Cr 143 81 52 29 20 86 20 84 78 83
Nb 16.5 5.2 10.4 0.9 1.1 5.1 1.2 3.9 23.7 16.0
Ta 0.87 0.28 0.55 0.06 0.11 0.35 0.10 0.23 1.46 1.02
Zr 158 55 142 14 23 61 16 44 165 150
Hf 3.9 1.5 3.6 0.4 0.4 1.4 0.4 1.1 4.2 4.2
Th 10.2 4.84 4.88 1.93 1.70 5.58 1.24 2.78 11.9 12.4
U 4.40 13.5 17.1 13.4 7.70 47.4 5.53 98.7 29.1 11.8
Zn 31.0 24.7 4.6 7020 296 296 750 486 351 11.8
Pb 13.9 10.1 176 85.3 186 250 775 326 19.3 34.4
Cu 25.3 16.9 33.1 17.0 18.8 17.8 41.7 133 52.0 25.7
Co 9.3 3.2 9.0 1.6 3.1 9.8 3.9 5.9 12.4 18.7
Ni 57.4 74.6 57.8 28.1 42.9 121 81.1 152 98.9 70.6
Cd 0.02 0.07 <0.01 21.9 0.84 0.85 2.57 1.47 2.22 0.01
Ag 0.98 0.03 1.04 0.38 0.15 0.12 0.37 0.21 0.29 0.14
Au (ppb) 1.7 <0.5 0.5 <2 <2 <2 <2 <2 <2 13
As 19.5 3.7 18.4 4.3 11.7 17.8 38.8 13.0 28.2 30.5
Sb 2.08 0.22 4.47 0.97 1.01 2.08 4.27 5.05 3.57 4.34
Te 0.18 0.07 0.31 0.02 <0.02 0.09 0.09 0.21 0.03 <0.02
Se 2.3 2.4 3.2 1.6 0.9 1.6 1.9 2.7 3.9 1.2
Mo 0.98 0.90 105 6.06 17.2 92.8 15.4 91.1 35.6 19.9
Re 0.013 0.008 0.029 0.010 0.015 0.085 0.011 0.097 0.029 0.006
Sn 4 1 3 <1 <1 <1 <1 <1 <1 <1
W 2.0 2.3 <0.5 <0.5 0.5 1.4 0.7 2.4 1.2 0.5
Tl 0.58 0.52 0.12 0.61 0.19 2.51 0.30 0.69 0.33 1.51
Bi 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Cs 0.67 0.51 0.20 0.23 0.16 0.43 0.16 0.34 1.64 2.10
Rb 20.7 20.9 7.8 8.6 5.9 12.7 4.9 10.1 37.1 29.0
Sr 36.3 109 57.7 27.7 28.3 5.8 37.8 13.0 115 43.9
Ba 28,550 1387 974 246 163 1011 154 125 2443 4496
Y 24.0 117 12.2 27.9 9.90 14.2 8.50 7.20 48.7 21.3
La 36.1 89.8 5.84 16.1 3.65 3.23 3.68 3.54 40.9 43.0
Ce 64.5 98.7 10.4 29.7 9.01 9.24 7.25 6.86 75.4 77.2
Pr 6.80 17.8 1.45 4.33 1.39 1.64 1.18 1.12 9.10 7.64
Nd 24.7 74.7 5.33 18.6 6.18 8.44 5.37 4.87 35.6 26.8
Sm 4.23 15.2 1.13 3.95 1.45 2.18 1.16 1.11 7.30 4.31
Eu 0.741 3.210 0.217 0.907 0.292 0.448 0.271 0.264 1.480 0.683
Gd 3.42 16.9 1.07 4.15 1.52 2.17 1.25 1.05 6.78 3.45
Tb 0.57 2.53 0.20 0.59 0.22 0.35 0.18 0.17 1.03 0.49
Dy 3.84 14.0 1.35 3.40 1.22 2.01 1.04 0.93 5.80 2.89
Ho 0.82 2.64 0.32 0.66 0.24 0.38 0.20 0.18 1.19 0.58

Miner Deposita (2017) 52:565–593 575



define phosphorites; and (4) commonly in the upper part of the
Lower cherty mudstone member where similar very high
P2O5 contents are observed.

Elevated to high TOC (∼3 to 16.5 wt%) is characteristic
of the Duo Lake Formation, except for the basal Pyritic
siliceous mudstone member that has relatively low concen-
trations (<1.5 wt%). Fe/Al ratios are mostly less than 0.8
(lower limit for sulphidic sediment; Lyons and Severmann
2006), except for numerous samples from the Active mem-
ber. Excluding the Active member, contents of Zn + Pb are
greater than 600 ppm only in the Lower cherty mudstone
member and the Upper siliceous mudstone member; one
sample of siliceous and mildly phosphatic black shale from
the latter member is highly anomalous in containing
7105 ppm Zn + Pb. Barium is low (<500 ppm) in all sam-
ples of the Duo Lake Formation, whereas gray mudstone in
the overlying Flaggy mudstone member locally has 2.7 to
2.9 wt% Ba. Concentrations of V are below 1000 ppm ex-
cept in one sample of black mudstone from the Active mem-
ber (1626 ppm) and in four samples of black mudstone from
the Lower cherty mudstone member (1157–2599 ppm); this
same stratigraphic level in DON-111 has a similar range of
high V contents (1206–2944 ppm; n = 5). The uppermost
sample analyzed from the latter member (2599 ppm V) also
has the highest U content (98.7 ppm), despite negligible
P2O5 (0.25 wt%). The profile for Mo differs in that values
above 30 ppm occur not only in the Active member and
Lower cherty mudstone, but also in the Calcareous mud-
stone and Upper siliceous mudstone members. The maxi-
mum Mo content (105 ppm) is in the lower part of the
Upper siliceous mudstone member. With one exception,
samples having Re/Mo ratios above 0.04 are restricted to
the Upper siliceous mudstone member and the Flaggy mud-
stone member. The highest (Ge/Si) × 106 ratios of 0.19 and
0.24 (not shown) occur in black mudstone of the Active
member; ratios for the other members are ≤0.15.

Overall abundances of REE are diverse among the different
sampled units. Samples of gray dolomitic mudstone and black
mudstone from the Flaggy mudstone member have abun-
dances of ∼0.4 to 1.5x PAAS, relatively flat patterns, and
either small or no negative Eu anomalies (Fig. 8a). Black
mudstone with varying amounts of apatite laminae from the
Upper siliceous mudstone member (Fig. 8b) shows a large
range of REE abundances (∼0.01–3.0x PAAS), broadly flat
patterns—some with relatively low ratios of light REE
(LREE) to heavy REE (HREE). Values of Ce/Ce* and Eu/
Eu* vary widely from 0.56 to 1.05 and 0.55 to 1.29, respec-
tively. These values represent the magnitude of Ce and Eu
anomalies, for REE data normalized to average post-
Archean Australian shale (PAAS; Taylor and McLennan
1985). All Ce anomalies are genuine and not spurious based
on a plot (not shown) of Pr/Pr* vs Ce/Ce* (cf. Bau and Dulski
1996). Ce/Ce* values are lowest (<0.7) in the upper part of the
Upper siliceous mudstone member; Eu/Eu* values are highest
(>1.0) in the Lower cherty mudstone member, the Active
member, and the lower part of the Upper siliceous mudstone
member. Samples of black mudstone and siliceous mudstone
from the Active member (Fig. 8c) are distinctive in having
uniformly low abundances (∼0.04–0.5x PAAS) and especially
depleted LREE with very low La/Sm ratios, regardless of the
amounts of silica, carbonate, phosphate, TOC, or metals such
as Zn and Pb. Data for black mudstone and calcareous mud-
stone from the underlying Lower cherty mudstone and
Calcareous mudstone units (Fig. 8d) display a narrow range
of abundances (∼0.4–1.5x PAAS), flat patterns, small negative
Ce anomalies, and no or small positive Eu anomalies. Samples
of dolomitic and locally pyritic black mudstone from the
Pyritic siliceous mudstone member (Fig. 8e) are similar to this
overlying member in terms of abundance levels (∼0.6 to 1.6x
PAAS) and flat patterns but different in lacking Ce or Eu
anomalies. Phosphorites from the Active and Lower cherty
mudstone members (Fig. 8f) are distinguished by higher

Table 1 (continued)

Sample 1 2 3 4 5 6 7 8 9 10
Unit FLMD USMS USMS USMS ACTM ACTM ACTM LCMS CCMS PSMS

Er 2.46 7.23 1.10 1.80 0.68 1.04 0.53 0.52 3.09 1.72
Tm 0.395 0.962 0.199 0.234 0.097 0.147 0.072 0.079 0.409 0.241
Yb 2.77 5.35 1.44 1.39 0.63 0.94 0.48 0.56 2.54 1.63
Lu 0.407 0.738 0.215 0.208 0.105 0.154 0.081 0.094 0.420 0.267
Ce/Ce*SN 0.945 0.568 0.824 0.818 0.895 0.859 0.792 0.785 0.902 0.974
Eu/Eu*SN 0.910 1.020 0.906 1.153 1.006 1.006 1.158 1.184 1.038 0.867

Note: Total iron as Fe2O3. Elements not detected and lower limits of detection (in parentheses): In <0.1 ppm; Ir <5 ppb. REE anomalies are calculated by
shale normalization (SN) using data for PAAS (Taylor and McLennan 1985): Ce/Ce*SN = 2CeSN/(LaSN + PrSN); Eu/Eu*SN = 2EuSN/(SmSN + GdSN)

Sample numbers: 1 XYC-116-76.0 m, 2 XYC-116-227.5 m, 3 XYC-116-290.0 m, 4 XYC-116-310.3 m, 5 XYC-116-323.8 m, 6 XYC-116-326.2 m, 7
XYC-116-349.4 m, 8 XYC-116-370.3 m, 9 XYC-167-285.5 m, 10 XYC-167-318.1 m

Abbreviations: FLMD Flaggy mudstone member, USMS Upper siliceous mudstone member, ACTM Active mudstone member, LCMS Lower cherty
mudstone member, CCMS Calcareous mudstone member, PSMS Pyritic siliceous mudstone member
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REE abundances (∼1-7x PAAS), moderate negative Ce anom-
alies, and local small positive Eu anomalies. With the excep-
tion of one phosphatic sample, limestones differ in having
relatively low abundances (∼0.07–0.7x PAAS) and broad U-
shaped patterns but are similar in terms of small negative Ce
anomalies and no to small positive Eu anomalies.

Awide range of S/TOC ratios is apparent (Fig. 9a) in which
limited S contents (<3 wt%) are present despite a large variation
in TOC (<1 to 16.5 wt%; most <8.5 wt%). Some S/TOC ratios
fall in the field for sulphate- and iron-limited sediments (Berner
and Raiswell 1983), whereas others have variably higher S/TOC
ratios. In terms of V contents (Fig. 9b), only five samples have

Flaggy mudstone mbr: dolomitic grey and black mudstone

Upper siliceous mbr: black mudstone with phosphate laminae

Active mbr: black mudstone; siliceous black mudstone Pyritic mudstone mbr: Dolomitic grey mudstone with pyrite laminae

Lower cherty mudstone mbr: black mudstone with local pyrite

Calcareous mudstone mbr: calcareous grey mudstone; local pyrite

Active and Lower cherty mudstone mbrs: fine-grained phosphorite 

Active and Lower cherty mudstone mbrs: grey limestone; calcareous mudstone 
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more than the 1000 ppm cutoff for hyper-sulphidic sediments as
defined by Scott et al. (2013). A plot of TOC vs Mo (Fig. 9c)
shows only a small number of samples (n = 6) have sufficiently
high Mo contents to plot near the regression lines for modern
anoxic sediments from the Cariaco Basin and Framvaren Fjord;

a few samples plot near the regression line for the Black Sea (see
Algeo and Lyons 2006). No trends exist between contents of
Zn + Pb and Mo (Fig. 9d); data for most samples plot in the
fields for suboxic and oxic sediments or predominantly anoxic
sediments. Values for Ce/Ce* (Fig. 9e) display a large range

Flaggy mudstone mbr: dolomitic grey and black mudstone

Upper siliceous mbr: black mudstone with phosphate laminae

Active mbr: black mudstone, siliceous black mudstone Pyritic mudstone mbr: Dolomitic grey mudstone with pyrite laminae

Lower cherty mudstone mbr: black mudstone with local pyrite

Calcareous mudstone mbr: calcareous grey mudstone; local pyrite
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Fig. 9 Binary plots of bulk geochemical data for mudstone and other
host rocks in DDH XYC-116 and XYC-167. Data show diverse redox
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TOC vs S; field for sulphate- and iron-limited sediments, and regression
line for normal oxidized marine sediments, from Berner and Raiswell
(1983). b TOC vs V; field for hyper-sulphidic sediments from Scott
et al. (2013). c TOC vs Mo; regression lines for organic-rich sediments
of Cariaco Basin (CB), Framvaren Fjord (FF), and Black Sea (BS) from

Algeo and Lyons (2006). d Zn + Pb vs Mo; fields for oxic to suboxic,
predominantly anoxic, and sulphidic bottomwaters based on data in Scott
and Lyons (2012). eMo vs Ce/Ce*; upper limit of field for predominantly
suboxic and oxic sediments from Slack et al. (2015b) and references
therein. f P2O5 vs Ce/Ce*; field for HP (Howard Pass) phosphorites and
very P-rich rocks (15.9–24.7 wt% P2O5; n = 8) is based on analyses in
Supplementary Data Table 1
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Table 2 Representative whole-rock analyses of phosphorite from Howards Pass district

Sample 1 2 3 4 5 6
Unit LCMS LCMS LCMS LCMS LCMS ACTM

SiO2 (wt %) 27.51 23.20 13.95 30.82 15.25 36.05
Al2O3 1.50 1.05 1.03 1.42 0.87 0.62
Fe2O3

T 2.48 2.01 2.29 1.24 1.14 0.39
MnO 0.009 0.013 0.015 0.011 0.019 0.009
MgO 0.20 0.13 0.12 0.18 0.12 0.08
CaO 33.82 37.43 42.18 33.58 45.45 30.44
Na2O 0.04 0.03 0.04 0.03 0.04 0.03
K2O 0.62 0.38 0.52 0.53 0.42 0.21
P2O5 22.99 23.66 24.73 21.69 24.47 18.67
TiO2 0.045 0.043 0.046 0.035 0.037 0.018
LOI 8.92 10.49 11.81 9.19 10.19 8.33
Total 98.15 98.44 96.72 98.72 98.00 94.85
F 1.87 1.95 2.30 1.78 2.21 1.82
CO2 2.44 4.57 5.80 3.12 8.49 2.35
TOC 4.33 4.31 4.13 4.52 2.02 4.41
Total S 1.95 1.60 2.21 0.84 0.94 1.21
SO4 0.7 2.1 1.6 0.8 1.4 3.5
Li (ppm) 5.7 2.9 3.8 5.2 4.5 3.6
Be 2 2 2 2 2 2
B 27 34 32 41 53 55
Ga 3 3 2 4 2 3
Ge 1.2 1.0 <0.5 1.0 <0.5 <0.5
Sc 4.1 4.1 3.9 3.0 2.8 2.9
V 305 322 257 295 129 371
Cr 39 34 40 25 33 40
Nb 1.4 1.3 1.3 1.1 0.9 0.5
Ta <0.01 <0.01 0.02 <0.01 0.03 <0.01
Zr 13 11 12 10 9 18
Hf 0.3 0.3 0.4 0.3 0.3 0.4
Th 0.95 0.71 0.93 0.74 0.72 1.84
U 69.5 20.2 41.3 81.3 43.4 151
Zn 3.1 10.9 8.9 179 1.8 8350
Pb 43.4 62.3 72.7 49.4 34.1 3260
Cu 15.4 19.9 19.4 9.50 12.3 65.5
Co 4.4 3.0 6.9 4.1 3.0 2.8
Ni 74.4 50.5 53.2 44.5 38.8 33.7
Cd <0.01 0.07 0.03 0.84 <0.01 47.7
Ag 0.6 0.4 0.4 0.4 0.3 2.0
Au (ppb) 10 3 11 <2 <2 <2
As 51.4 33.7 48.9 21.7 19.1 18.2
Sb 10.5 5.86 9.30 5.13 3.65 20.1
Te 0.04 0.02 <0.02 <0.02 <0.02 <0.02
Se 4.2 3.3 2.4 3.3 2.2 6.7
Mo 15.9 13.7 7.33 6.69 2.22 21.7
Re 0.044 0.029 0.014 0.037 0.012 0.057
Sn <1 <1 <1 <1 <1 <1
W 3.2 3.2 3.9 7.2 4.9 <0.5
Tl 0.14 <0.05 0.67 0.05 0.44 0.34
Bi 0.03 <0.02 <0.02 0.02 <0.02 0.12
Cs 0.40 0.30 0.29 0.43 0.26 0.19
Rb 16.4 12.0 12.2 16.1 10.8 7.5
Sr 293 304 410 250 393 230
Ba 180 165 215 103 190 230
Y 178 153 140 212 122 345
La 99.7 108 94.6 123 82.8 199
Ce 129 121 98.0 165 76.5 210
Pr 21.3 17.7 13.1 25.7 11.1 36.2
Nd 85.7 66.0 49.8 100 42.3 147
Sm 17.1 12.1 9.19 18.2 7.63 27.9
Eu 4.410 3.520 3.360 5.250 2.770 6.470
Gd 17.9 13.5 11.3 21.0 9.81 32.7
Tb 2.87 2.17 1.78 3.23 1.55 5.13
Dy 17.0 13.4 11.4 20.0 9.81 30.1
Ho 3.71 3.01 2.48 4.43 2.15 6.50
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from 0.56 to 1.05, with the majority falling in the field of pre-
dominantly suboxic or oxic sediments (Slack et al. 2009 and
references therein). A broad inverse trend exists between P2O5

and Ce/Ce* (Fig. 9f), in which samples having higher P2O5

contents display lower Ce/Ce* values, especially for the phos-
phorites and very P-rich rocks.

Limestone

Limited whole-rock geochemical data were acquired for seven
samples of pale to dark gray limestone (Supplementary Data
Table 1). Bulk compositions are variable in terms of SiO2

(2.08–44.0 wt%) but relatively uniform in MgO (0.09–
0.56 wt%), TOC (0.96–2.41 wt%), and total S (0.09–
1.05 wt%). MnO is negligible (<0.08 wt%). Contents of
P2O5 are very low (<0.16 wt%) except in one phosphatic
limestone from the uppermost part of the Lower cherty mud-
stone member (XYC-145-98.0 m) that has 9.08 wt%. This P-
rich sample also is geochemically anomalous, relative to the
other limestones, in having elevated Zn (1070 ppm), Pb
(75 ppm), Cu (83 ppm), and U (46.9 ppm).

REE data (Fig. 8f) show abundances of ∼0.07 to 8x PAAS,
excluding the one phosphatic limestone. All analyzed samples
display small negative Ce anomalies. Significantly, positive
Eu anomalies are characteristic, ranging from 1.07 to 1.56,
the largest value occurring in a limestone at the top of the
Active member that also contains elevated Zn and Pb (2100
and 233 ppm, respectively).

Phosphate-rich strata

Whole-rock analyses of six phosphorite samples from the
Active and Lower cherty mudstone members (Table 2) show
18.7 to 24.7 wt% P2O5 and high silica contents of 14.0 to
36.1 wt% SiO2. Concentrations of other major oxides are uni-
formly low; Fe/P ratios range from 0.03 to 0.17 and average
0.11 ± 0.05. TOC and F vary from 2.02 to 4.52 wt% and 1.78
to 2.30 wt%, respectively. All but two analyzed samples lack

elevated base metals (<250 ppm Zn + Pb + Cu). One excep-
tion, from near the base of the Active member, is a
chalcopyrite-bearing interval (921 ppm Cu) in DON-189 at
299.7 m. The second is from the lower part of the Active
member and contains abundant sphalerite and galena
(1.16 wt% Zn + Pb) in XYC-216 at 157.1 m; a comparable
stratigraphic level in XYC-302 at 521.5 m also has apprecia-
ble Zn + Pb (7180 ppm) but is not a phosphorite sensu stricto
(7.62 wt% P2O5). Contents of other trace elements and REE
are generally low in the phosphorites, except in XYC-216-
157.1 that has 151 ppm U and elevated light REE (e.g.,
199 ppm La). A shale-normalized plot (Fig. 8f) shows abun-
dance levels of ∼1.0 to 7x PAAS and a relatively narrow range
of La/Yb ratios from 11.0 to 14.6. All six samples display
moderate negative Ce anomalies (Ce/Ce* 0.56–0.68) and
small positive Eu anomalies (Eu/Eu* 1.08–1.67).

Apatite grains from the Lower cherty, Upper siliceous
mudstone, and Flaggy mudstone members were analyzed for
major elements, halogens, and LREE by electron microprobe
(EMP) methods (Table 3). Reconnaissance data (n = 35) ob-
tained for four samples show that some apatite in the Lower
cherty member has higher Cl contents relative to that in the
Upper siliceous mudstone member and overlying Flaggy
mudstone member of the Steel Formation and in the Active
member based on data from Gadd et al. (2016a) (Fig. 10).
Concentrations of Y, LREE, and U are very low or below
detection limits in all analyses. Previous workers (e.g.,
Goodfellow and Jonasson 1986; Goodfellow 2007) used the
term francolite or carbonate fluorapatite for these apatite oc-
currences in the Howards Pass district. This classification re-
quires the presence of excess F (>2.00 apfu) in the M2 site in
order to provide sufficient charge balance for the substitution
of CO3

2− for PO4
3− in the tetrahedral site (see McClellan and

Van Kauwenbergh 1990). However, approximately 30 % of
our EMP analyses lack excess F and hence are fluorapatite
(with minor CO3); the remaining analyses have F > 2.00
apfu and thus are designated as francolite. Gadd et al.
(2016a) reached the conclusion that apatite in the district spans

Table 2 (continued)

Sample 1 2 3 4 5 6
Unit LCMS LCMS LCMS LCMS LCMS ACTM

Er 10.7 9.03 7.50 12.5 6.54 17.7
Tm 1.510 1.330 1.040 1.730 0.916 2.310
Yb 9.10 8.40 6.57 10.1 5.86 13.6
Lu 1.300 1.240 1.060 1.460 0.940 2.020
Ce/Ce*SN 0.645 0.629 0.622 0.676 0.561 0.567
Eu/Eu*SN 1.242 1.366 1.665 1.360 1.621 1.078

Note: Total iron as Fe2O3. Elements not detected and lower limits of detection (in parentheses): In <0.1 ppm; Ir <5 ppb. REE anomalies are calculated by
shale normalization (SN) using data for PAAS (Taylor and McLennan 1985): Ce/Ce*SN = 2CeSN/(LaSN + PrSN); Eu/Eu*SN = 2EuSN/(SmSN + GdSN)

Sample numbers: 1 XYC-181-218.6 m, 2 XYC-181-219.4 m, 3 XYC-199-104.5 m, 4 XYC-203-370.5 m, 5 XYC-207-436.1 m, 6 XYC-216-157.1 m

Abbreviations: LCMS Lower cherty mudstone member, ACTM Active mudstone member
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a compositional range from carbonate-bearing fluorapatite to
francolite.

Discussion

Episodic Zn-Pb mineralization

Early exploration work and recent studies have demonstrated
that Zn-Pb zones in the Howards Pass district are not restricted
to the Active member. These other occurrences are relatively

rare, however. Laminated sphalerite and galena exist in the
middle part of the Upper siliceous mudstone member (up to
7.0 wt% Zn over 0.5 m in XYC deposit) and in the lower part
of the Backside siliceous mudstone member (Portrait Lake
Formation) overlying the Flaggy mudstone member
(Goodfellow and Jonasson 1986; Gadd et al. 2016b).
Moreover, our whole-rock geochemical data for drill core
XYC-116 document locally high Zn and/or Pb contents in
the lower part of the Upper siliceous mudstone member,
reaching grades up to 7020 ppm Zn or 448 ppm Pb
(Supplementary Data Table 1). Elevated Zn (1040 ppm) is

Table 3 Representative electron microprobe analyses of apatite from Howards Pass district

Sample 1 2 3 4 5 6 7
Unit FLMD USMS USMS LCMS LCMS LCMS LCMS

CaO (wt %) 56.29 54.80 56.50 53.44 54.53 54.60 54.69

Na2O 0.04 0.05 0.05 0.31 0.21 0.17 0.11

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 0.11 0.00 0.00 0.08 0.06 0.04 0.04

Y2O3 0.07 0.08 0.02 0.05 0.13 0.18 0.16

La2O3 0.00 0.00 0.00 0.00 0.00 0.09 0.00

Ce2O3 0.00 0.10 0.10 0.00 0.00 0.00 0.00

Pr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Nd2O3 0.06 0.03 0.00 0.00 0.04 0.05 0.05

P2O5 39.70 40.45 40.97 41.54 41.44 41.12 40.99

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SO3 0.26 0.07 0.07 0.12 0.10 0.08 0.05

Cl 0.01 0.02 0.01 0.15 0.11 0.06 0.04

F 3.79 3.81 3.82 4.03 2.92 3.76 3.83

Total 100.32 99.41 101.54 99.72 99.52 100.16 99.96

Cations on the basis of 26 oxygens

C (apfu) 0.218 0.092 0.128 0.000 0.000 0.050 0.058

Ca 10.39 10.13 10.25 9.772 10.03 9.997 10.03

Na 0.013 0.018 0.015 0.104 0.071 0.057 0.036

Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe 0.016 0.000 0.000 0.012 0.009 0.006 0.005

Y 0.006 0.007 0.002 0.004 0.012 0.016 0.014

La 0.000 0.000 0.000 0.000 0.000 0.005 0.000

Ce 0.000 0.006 0.006 0.000 0.000 0.000 0.000

Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Nd 0.004 0.002 0.000 0.000 0.002 0.003 0.003

P 5.782 5.908 5.872 6.001 6.024 5.950 5.942

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000

S 0.034 0.009 0.009 0.015 0.012 0.010 0.007

Cl 0.002 0.006 0.004 0.044 0.031 0.018 0.013

F 2.062 2.078 2.044 2.176 1.583 2.034 2.072

Notes: Total iron as FeO; C calculated by difference. Analyzed but below detection limit of ∼0.01 wt %: Al2O3, Eu2O3, Sm2O3, Gd2O3, Dy2O3, Er2O3,
ThO2, UO2, PbO

Sample numbers: 1 XYC-116-46.8, 2 XYC-116-212.5 m, 3 XYC-116-225.0 m, 4 XYC-116-

376.5 m, 5 XYC-116-376.5 m, 6 XYC-116-376.5 m, 7 XYC-116-376.5 m

Abbreviations: FLMD Flaggy mudstone member, USMS Upper siliceous mudstone member, LCMS Lower cherty mudstone member
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also present locally in the Lower cherty mudstone member,
well below the base of the Active member. Additional evi-
dence for hydrothermal effects below and above the Active
member derives from (1) elevated (Ge/Si) × 106 ratios of 0.12
to 0.15 in three samples of the Upper siliceous mudstone
member (ratios are up to 0.24 in the Active member), and
the related interpretation that in most settings high Ge/Si ratios
are fingerprints of hydrothermal activity (Mortlock et al. 1993;
Slack et al. 2004b); and (2) Eu/Eu* values above 1.1, espe-
cially in the upper part of the Lower cherty mudstone member
and the lower part of the Upper siliceous mudstone member,
such positive Eu anomalies being hallmarks of hydrothermal
fluids (Lottermoser 1992; Slack et al. 2004b). A possible link
of these Eu anomalies to reduced alkaline pore fluids
(Sverjensky 1984) may be valid for samples of limestone
and calcareous mudstone that mostly have small positive Eu
anomalies (Fig. 8f) and lack elevated Zn + Pb (Supplementary
Data Table 1), but is considered unlikely for the non-
calcareous mudstone samples based on a lack of correlation
(not shown) between Eu/Eu* andMo contents (see Slack et al.
2015c and references therein). Collectively, these results sug-
gest that hydrothermal processes affected strata well below
and above the Active member, including as much as 200 m
(or more) above the Zn-Pb deposits. If these stratigraphically
widespread occurrences of sphalerite and galena in the district
are not of late diagenetic or tectonic origin (see Gadd et al.
2016b), then they may record episodic Zn-Pb mineralization
linked to multiple syngenetic-exhalative and/or early diage-
netic hydrothermal events.

A replacement model for the Howards Pass Zn-Pb deposits
should also be considered. Most workers have proposed an

origin involving syngenetic precipitation of sulphides (sphal-
erite, galena, pyrite) from a hydrothermal brine pool
(Goodfellow and Jonasson 1986; Goodfellow 2007; Ootes
et al. 2013). Recently, Gadd et al. (2016b) invoked a modified
exhalative model involving the downward percolation of
dense metalliferous brines into unconsolidated sediments
(see Sangster 2002). A third possibility is that the Zn-Pb de-
posits formed by the selective replacement of limestone or
other reactive strata. Occurrences of graded beds and cross-
laminations in limestones from the Active member and under-
lying Lower cherty mudstone member, as described above,
are consistent with deposition as distal carbonate turbidites
(e.g., Lowe 1982). The presence of minor pyrite and local
sphalerite within these limestones, and the replacement of
sponge spicules, radiolarians, and other fossils by pyrite and
sphalerite (Jonasson and Goodfellow 1986; Kelley et al.
2016), as well as moderate positive Eu anomalies up to 1.56
(Fig. 8f), suggest that some Zn-Pb deposits in the Howards
Pass district may have formed by this mechanism. However, if
these deposits formed mainly by replacement, it likely oc-
curred during or shortly after burial and compaction of the
sediments and not tens to hundreds of millions of years later,
based on recent Re-Os dating of early pyrite in the deposits
(Kelley et al. 2016). In summary, the weight of available ev-
idence (Jonasson and Goodfellow 1986; Goodfellow 2007;
Gadd et al. 2016b, c) suggests that the Howards Pass Zn-Pb
deposits formed mainly by syngenetic and early diagenetic
processes, the latter including the downward percolation of
dense metalliferous brines into unconsolidated sediments,
and local replacement of carbonate during and shortly after
sedimentation.

Redox states of bottom waters and pore fluids

Evaluating the redox state of bottom waters and pore fluids in
ancient sedimentary rocks is challenging due to effects of
varying depositional settings, to diagenesis and metamor-
phism, and to the typically conflicting signals recorded by
different geochemical proxies (e.g., Algeo and Rowe 2012).
Additional complications include the possibility of diverse
redox conditions in bottom waters and contemporaneous pore
fluids, as in some modern settings where oxic bottom waters
overlie organic-rich sediments that contain anoxic or sulphidic
pore fluids (e.g., Canfield et al. 1993). A final caveat relates to
geologically rapid changes in redox state that may be repre-
sented in only a few centimeters of sediment—owing to envi-
ronmental changes over tens of thousands of years or less—
which can be missed by the analysis of single samples that
cover a larger stratigraphic (and age) range. In this report, we
use several mineralogical and geochemical proxies that in
some cases provide conflicting redox states, a situation also
reported in other studies. However, with few exceptions, there
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Fig. 10 Plot of Cl vs F contents of apatite from Flaggy mudstone
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is strong evidence for a predominant redox state within each
stratigraphic unit, as described below.

Geochemical proxies suggest that rocks of the Duo Lake
Formation in the Howards Pass district were deposited under
varying redox conditions (Figs. 7 and 9). At the base, the
Pyritic siliceous mudstone member has relatively low Fe/Al
ratios and low Mo and V contents that collectively argue
against sulphidic bottom waters, although anoxic conditions
are likely—especially in the upper parts of the member—
based on sulphur isotopes and degree of pyritization (DOP)
for this unit (Goodfellow and Jonasson 1986; Johnson et al.
2014). Deposition of this member is attributed to a discrete
basin, which likely was marginal and external to the shelf
(Goodfellow 2007), although a shelf-hosted internal basin
cannot be ruled out. Gradual restriction of this basin is inferred
based on coupled stratigraphic trends for δ34S values and Mo/
TOC ratios (Johnson et al. 2014).

Geochemical and isotopic data for the overlying
Calcareous mudstone member are broadly similar, thus also
implying anoxic bottom waters. Samples from the middle and
upper part of the Lower cherty mudstone member differ in
having higher contents of V and Mo (with one exception);
these results suggest anoxic to intermittently sulphidic condi-
tions (Tribovillard et al. 2006; Scott and Lyons 2012), includ-
ing possible hyper-sulphidic conditions for samples having
over 1000 ppm V (Breit and Wanty 1991; Scott et al. 2013).
Sulphidic bottom waters in the upper part of the Lower cherty
mudstone member are supported by the generally small size
(4–6 μm) of rare pyrite framboids (Fig. 6e), which suggests
precipitation of Fe-sulphide precursor(s) in the water column
based on studies of the size range of pyrite framboids in mod-
ern sediments including those of the Black Sea (Wilkin et al.
1997). However, it should be noted that framboidal pyrite is
uncommon in unmineralized black mudstone below the Active
member, in contrast to widespread occurrences of small dis-
persed grains of euhedral pyrite that likely formed by the diage-
netic (or tectonic) recrystallization of framboids and by precipi-
tation from hydrothermal fluids (see Gadd et al. 2016b).

The redox state of bottom waters during deposition of the
Active member may have ranged widely from suboxic to
sulphidic. Fully oxic conditions are unlikely based on very
lowMnO contents in all samples of black mudstones analyzed
(≤0.03 wt%; n = 9). Suboxic conditions are implied by mostly
lowMo concentrations of less than 25 ppm (Figs. 7 and 9) that
indicate H2S was restricted to pore fluids (Scott and Lyons
2012), in concert with relatively low Ce/Ce* values of 0.72
to 0.91 although these values may, at least in part, reflect
detrital phosphate and hence not be an accurate redox proxy
for local bottom waters (compare Fig. 9d, e). Pyrite framboids
within the Active member show a large size range from 3 to
25 μm (Fig. 6f), attributed by Gadd et al. (2016b) to predom-
inantly suboxic conditions (see also Wignall and Newton
1998). In contrast, Re/Mo ratios are very low (<0.002) and

suggest anoxic to sulphidic depositional conditions, based on
studies by Ross and Bustin (2009); their Re/Mo discrimina-
tion plots may not be sensitive at low Mo concentrations;
consequently, we rely on the more recent perspective of
Scott and Lyons (2012) that implies predominantly suboxic
bottom waters. However, in the middle part of the Active
member, one sample of black mudstone (low Zn + Pb) has
92.8 ppm Mo, which is consistent with a geologically brief
period of anoxic to sulphidic conditions, assuming minimal
influence by a high sedimentation rate, pH variation, or low
aqueous Mo in the water column (see Scott and Lyons 2012).
An additional uncertainty is whether thermal maturity during
diagenesis affected the Mo contents (Ardakani et al. 2016),
although this seems unlikely given the relatively large range
observed; hydrothermal mobilization of Mo cannot be ruled
out, but the lack of correlation between Mo and Zn + Pb
(Fig. 9d) argues against addition of Mo by the metalliferous
hydrothermal fluids. The prominent spikes in Fe/Al ratios
within parts of the Active member (Fig. 7) likely record the
hydrothermal deposition of pyrite (Johnson et al. 2014). High
SiO2 contents (∼83–90 wt%) are independent of redox state
and are interpreted to mainly reflect the addition of biogenic
silica derived mainly from radiolarians.

During deposition of the Upper siliceous mudstone mem-
ber, the early bottom waters appear to have fluctuated from
suboxic to sulphidic conditions and later shifted to uniformly
suboxic conditions. This interpretation is based collectively on
signals derived fromMo contents, Mo/Al ratios, Re/Mo ratios,
and Ce/Ce* values. Specifically, mudstone samples from the
lower part of this member have 5.5 to 40.5 ppm Mo, and Re/
Mo ratios of 1.4 to 2.7 × 10−3, both of which imply suboxic or
anoxic bottom waters. However, the next higher sample,
14.8 m stratigraphically above, has 105 ppm Mo and a Re/
Mo ratio of 0.3 × 10−3 that together provides strong evidence
of sulphidic bottom waters. In contrast, samples from the up-
per part of this member—mostly phosphatic black mud-
stone—have uniformly low Mo contents (<6.2 ppm) and rel-
atively high Re/Mo ratios (2.8–10.4 × 10−3); Ce/Ce* values
are systematically low (0.56–0.85), reflecting moderate to
small negative Ce anomalies.

The flaggy mudstone member of the Steel Formation
was likely deposited under suboxic conditions based on
textures and compositions. This member is distinct in the
district in containing widespread bioturbation features that
indicate at least minor oxygenation of bottom waters and
pore fluids (e.g., Wignall 1994). Based on a limited data-
base (n = 6), fully oxic conditions are ruled out by low
MnO contents (≤0.04 wt%). Predominant suboxic condi-
tions are supported by very low Mo (<3.0 ppm) and high
Re/Mo ratios (3.5–13.3 × 10−3) excluding data for one
sample. This redox assignment is supported by Ce/Ce*
values, which are mostly less than 0.95 and thus define
small negative Ce anomalies.
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Apatite dissolution and Zn-Pb mineralization

The distinctive REE pattern of black mudstones from the
Active member (Fig. 8c) has implications for the origin and
timing of Zn-Pb mineralization in the district. The low abun-
dances of LREE (La to Nd) within this member, relative to
other REE, contrast with those of all other members of the
Duo Lake and Steel formations, thus indicating that the loss
of LREE is not related to normal diagenesis of the local sed-
imentary sequence. Nor is it likely to be a function of sedi-
mentary sorting or an unusual source terrane (e.g., McLennan
1989), given the broadly similar major and trace-element
compositions of the mudstone samples from the Active mem-
ber and those from the other members. Conceivably, the low
LREE abundances and P2O5 contents (0.06–0.37 wt%) of
Active member mudstones could reflect the loss of accessory
apatite or monazite, both of which are characterized by greatly
enriched LREE relative to HREE. Apatite is much more sol-
uble in low-temperature fluids than is monazite (Ayers and
Watson 1991); hence, the unusual REE pattern of these mud-
stones likely records the preferential loss of sedimentary apa-
tite. This interpretation is based on the role of accessory apatite
in controlling the flat (i.e., non-LREE depleted) PAAS-
normalized REE patterns that characterize Paleozoic shales
worldwide (McLennan 1989) and on the assumption that ap-
atite was present as an accessory mineral in mudstones of the
Active member prior to Zn-Pb mineralization. Leaching of
apatite probably occurred during diagenesis, when pore fluids
were present. Apatite dissolution (fluorapatite and carbonate
fluorapatite) is not influenced by elevated temperature owing
to effects of retrograde solubility, nor to changes in pressure,

XH2O, or MNaCl (Atlas and Pytkowicz 1977; Ayers and
Watson 1991). However, acidic fluids can readily dissolve
apatite, even at low temperature, but above a pH of ∼6.5 (at
25 °C) this mineral is only sparingly soluble (Chaïrat et al.
2007). Assuming that sediment pore fluids in the Activemem-
ber were predominantly anoxic—based on redox proxies such
as Mo described above—the pH of these pore fluids was like-
ly ca. 6.6, due to self-buffering related to H2S-carbonate equi-
libria as observed in modern anoxic pore fluids (Burdige
2006). Therefore, reactions in normal marine pore fluids prob-
ably did not cause the pervasive dissolution of apatite in mud-
stones of the Active member.

The presence of abundant sphalerite and galena in the Active
member suggests a genetic link between Zn-Pb mineralization
and dissolution of apatite in this member. Although the acidity of
fluids responsible for deposition of ancient CD Pb Zn deposits is
unknown, modern metalliferous sedimentary brines that contain
elevated Zn and Pb have pH values of ∼3.5 to 6.0 (Hanor 1996).
These variably acidic fluids, if not greatly diluted by overlying
seawater, would be expected to readily dissolve apatite, both
fluorapatite and carbonate fluorapatite, even at an ambient tem-
perature of 25 °C. An alternative explanation involving restricted
apatite precipitation in highly alkaline pore fluids is considered
unlikely because accessory carbonate minerals are widespread in
underlying and overlying members that lack the anomalously
low LREE abundances of the Active member (Fig. 8). On bal-
ance, therefore, we propose that the distinctive LREE-depleted
patterns for blackmudstones of the Activemember preferentially
record the passage of Zn- and Pb-bearing metalliferous fluids.
Significantly, this hypothesis has implications for the mechanism
of Zn-Pb deposition. The classic exhalative model of seafloor
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precipitation of sphalerite and galena (and pyrite) from a metal-
liferous brine is herein considered unlikely, because it does not
explain the leaching of apatite from samples of black mudstone
that have negligible Zn or Pb contents (149–546 ppm Zn + Pb in
four samples), as well as appreciable variations in SiO2, Al2O3,
TOC, and Mo (see Supplementary Data Table 1). However, the
modified model of Sangster (2002) involving the downward
percolation of dense metalliferous brine would likely include
the dissolution of apatite, assuming that a mildly acidic pH was
maintained in the brine on the seafloor and during the percolation
process, without a shift to circumneutral pH due to dilution by
seawater or pore fluids. This model also explains intervals in the
Active member of unmineralized—but LREE-depleted—black
mudstone up to 10 cm thick that alternate with layers of high-
grade sphalerite ± galena (± pyrite), via the selective deposition
of these sulphides where sufficient H2S was available, either
preexisting in pore fluids or derived from an external source. A
different scenario in which metalliferous brines migrate upward
is not favored because such brines would likely be channeled in
fractures and faults and hence not be distributed throughout the
mudstone strata that host the Zn-Pb deposits. Similarly, a wholly
replacement model involving the diagenetic introduction, chiefly
parallel to bedding, of an acidic hydrothermal fluid would also
dissolve apatite (and carbonate) but would do so mainly within
permeable beds, given the likelihood during diagenesis of partial
lithification of the sediment and a low permeability related to the
presence of abundant clays. In summary, we prefer a model in
which the distinctive LREE-depleted patterns of unmineralized
black mudstone in the Active member are intimately linked to
Zn-Pb mineralization, including the deposition of sulphides in-
volving the downward percolation of a densemetalliferous brine.
This model is also consistent with the presence of K-feldspar
within the Upper cherty mudstone member that suggests an or-
igin involving acidic hydrothermal fluids (Goodfellow 1984).

Glaciation and sea-level changes

The Ordovician and Silurian periods are noteworthy for re-
cording major environmental changes (Fig. 11). Key events
that occurred globally during the Late Ordovician include a
major rise in sea level and the subsequent Hirnantian glacia-
tion (Ghienne et al. 2014). These events are relevant for Zn-Pb
and phosphate mineralization in the Howards Pass district
based on the likelihood that organic-rich sediments, such as
those in the Duo Lake Formation, preferentially accumulate
during transgression linked to global icehouse conditions
(e.g., Page et al. 2007). Based on data from the central
Mackenzie Mountains (Lenz 1982), sea level rose following
the Hirnantian glaciation, contemporaneously with deposition
of the Active member. During deposition of this member,
within the Rhuddanian (lower Llandovery) based on
conodonts (Norford and Orchard 1985), global sea level con-
tinued to rise due to melting of Gondwanan ice sheets

(Loydell 1998) and remained high during deposition of the
lower and middle parts of the Upper siliceous mudstone mem-
ber (cf. Munnecke et al. 2010).

Intervals in the Duo Lake Formation that contain the
highest TOC contents occur in the upper part of the Lower
cherty member and the upper part of the Active member (11.2
and 16.5 wt%, respectively). The former stratigraphic level
corresponds approximately to the highest concentrations of
P2O5, present in phosphorite (Fig. 7), and may represent a
maximum flooding surface (see Creaney and Passey 1993).
The latter is one of two levels in the Active member—lower
and upper—that contain high Zn + Pb grades (Kirkham et al.
2012). Compared to the lower-grade zones occurring in the
middle part of the Active member, Zn-Pb-Fe sulphides in the
high-grade zones are much coarser grained and typically dis-
play sheared and mylonitic textures, likely reflecting
deformation-related recrystallization and thrust faulting
(Fig. 3; Jonasson and Goodfellow 1986; Hodder et al.
2014). However, it is unclear if these two high-grade zones
are tectonically translated from different original stratigraphic
levels and if the high grades were produced solely by this
deformation. Nonetheless, the broad correspondence between
high TOC and high P2O5 and Zn + Pb contents within the Duo
Lake Formation raises the possibility that phosphate deposi-
tion and Zn-Pb mineralization in the district were linked in
part to regional and global processes including high sea level
and marine transgression.

Links to global anoxia

The Late Ordovician and Silurian are well known for global
anoxic events (e.g., Page et al. 2007). Two especially long-
lived events occurred from the late Ashgill to early
Llandovery and from the late Llandovery to middle Wenlock
(Fig. 11). The older anoxic event encompasses time periods
during which strata of the Lower cherty member were depos-
ited, including intervals in the upper part that contain very
high TOC, P2O5, Mo, and V (Fig. 7); this event is also docu-
mented by trace element and stable isotope data in coeval
strata elsewhere in the Selwyn Basin (Goodfellow et al.
1992; Wang et al. 1993) and globally (e.g., Melchin et al.
2013). Deposition of the Active member—characterized by
low to high grades of Zn ± Pb and locally very high TOC
contents—also took place entirely within this older anoxic
event. The younger anoxic period encompasses deposition
of the Upper siliceous mudstone member and in particular
intervals that have the highest TOC and P2O5 contents.
Global anoxia in the oceans can be fundamentally important
in forming CD Pb Zn deposits by providing a source of abun-
dant H2S and by preventing the oxidation of sulphides on the
sea floor due to an absence of dissolved O2 (e.g., Goodfellow
1987; Turner 1992). Phosphogenesis is linked to anoxia by
phosphorous release (regeneration) into bottom waters in
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shallow sediments (Van Cappellen and Ingall 1994).
Moreover, on continental shelves, the precipitation of apatite
from aqueous phosphate by large sulphur bacteria is catalyzed
most efficiently under anoxic bottom waters (Goldhammer
et al. 2010).

Environments of phosphate and Zn-Pb mineralization

Previous models for the sedimentary environment of the nu-
merous Zn-Pb deposits in the Howards Pass district have in-
voked long-lived and isolated anoxic subbasins within the
Selwyn Basin (e.g., Goodfellow and Jonasson 1986;
Goodfellow 2007). In contrast, our study suggests that local
strata in the district record the transition from a basinal setting
to an upper slope or outer shelf setting, and that the deposits
formed in a single basin or trough rather than in separate
depositional centers. In the following sections, we integrate
whole-rock geochemical data from the Duo Lake Formation
with results from modern sedimentary realms to build a com-
prehensive model for the setting and origin of phosphate and
Zn-Pb deposits in the district.

Constraining the environment of mineralization requires an
evaluation of diverse types of data from sedimentology, min-
eralogy, and geochemistry. Certain features of the lithostratig-
raphy within the district warrant discussion. One is the pres-
ence of thin limestone beds, which are especially widespread
in the upper part of the Lower cherty mudstone and at the base
of the Active member. These limestone beds are interpreted as
distal carbonate turbidites, and as such likely reflect erosion of
shallow-water carbonates on the shelf (Mackenzie platform;
Fig. 1). A second important feature is the first appearance of
phosphorites in the upper part of the Lower cherty member,
extending into the lowermost part of the Active member.
Third is the widespread occurrence of thin phosphate laminae
within the Upper siliceous mudstone member. It is noteworthy
that phosphate-rich strata occur regionally in the Duo Lake
Formation, including samples that have up to 10.9 wt%
P2O5 (Goodfellow et al. 1992; Fischer 2014); hence, phos-
phate concentrations within this formation are not limited to
strata of the Howards Pass district.

Phosphate deposition

The distinctive phosphorite unit at the top of the Upper cherty
member is fundamentally important to reconstructing the sed-
imentary environment. Phanerozoic and modern phosphorites
form mainly by the upwelling of P-rich waters onto outer
shelves or upper slopes of continental margins (e.g., Föllmi
1996; Trappe 1998; Arning et al. 2009b; Pufahl 2010).
Phosphate can also accumulate by non-upwelling processes
including within anoxic basins (Ruttenberg and Berner 1993);
thus, it is critical to differentiate between these two potential
settings for the phosphorite unit in the Duo Lake Formation.

Phosphate deposition in modern anoxic settings is well
represented by occurrences in the Baltic Sea in waters more
than ∼100 m deep (Jilbert and Slomp 2013). This process
involves a Fe-Mn-P shuttle in which HPO4

2− is adsorbed onto
ferric oxyhydroxide particles derived from shallow oxic wa-
ters of the shelf (Dellwig et al. 2010). Deposition of sparse
apatite (or francolite) occurs in anoxic sediments via
dissolution-reprecipitation mechanisms (März et al. 2008).
Initial precipitation involves P-bearing ferric oxyhydroxide(s)
followed by reduction to the hydrous iron phosphate vivianite
[Fe3

2+(PO4)2•8H2O] (Jilbert and Slomp 2013; Dijkstra et al.
2016). The early ferric oxyhydroxide-phosphate phase in the
modern Baltic Sea has Fe/P ratios of 2.0 to 2.9 (Dellwig et al.
2010); the reduced—possibly transitory—phase has Fe/P
close to the ratio of 1.5 for vivianite (Jilbert and Slomp
2013). These high Fe/P ratios contrast with the uniformly
low ratios of 0.03 to 0.17 (avg 0.11 ± 0.05; n = 6) determined
for phosphorites (>18 wt% P2O5) in the upper part of the
Lower cherty member and with the similarly low Fe/P ratios
of 0.09 to 0.45 (avg 0.30 ± 0.14; n = 5) that characterize P-rich
(>5 wt% P2O5) and carbonate-poor mudstone intervals of the
Upper siliceous mudstone member (Supplementary Data
Table 1). Significantly, phosphorites from the modern
Peruvian shelf also have low Fe/P ratios (0.03 to 0.14; avg.
0.05 ± 0.03, n = 13) as calculated from the data in Arning et al.
(2009b). Thus, on the basis of bulk Fe/P ratios, both phosphat-
ic intervals in the Duo Lake Formation are analogous to mod-
ern phosphorites of the Peruvian shelf, but are very different
from modern phosphate occurrences in anoxic parts of the
Baltic Sea. Additional relevant points are that no phosphate-
rich strata are known within the Baltic Sea, and that true phos-
phorites are unlikely to form in such anoxic basins because the
Fe-Mn-P shuttle probably cannot generate large concentra-
tions of phosphate (see Jilbert and Slomp 2013). In conclu-
sion, these arguments support a model in which the phosphatic
intervals of the Duo Lake Formation formed by an upwelling
process.

Upwelling on modern continental margins involves the
movement of deep, nutrient- and P-rich waters into shallow
shelf settings where biological and sedimentary processes
generate fluorapatite and francolite concentrations (e.g.,
Föllmi 1996). In modern settings, this process preferentially
occurs in subtropical (∼15–30°) latitudes, as meridional (east-
west) or alternatively Ekman (north-south) upwelling (Parrish
1982). During the Ordovician and Silurian, the northwestern
margin of Laurentia was positioned north of the equator at
similar latitudes (Torsvik and Cocks 2013) and hence was
amenable to both types of marine upwelling (see Pope and
Steffen 2003; Servais et al. 2014). During deposition of the
Duo Lake phosphorites in the Late Ordovician (Hirnantian,
based on a Rhuddanian age for the overlying Active member),
upwelling was likely related to thermohaline circulation driv-
en by contemporaneous and widespread glaciation (Pope and
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Steffen 2003). Based on data from inferred modern analogs,
the phosphate-rich sediments were deposited during brief pe-
riods of marine transgression and sea-level highstands in rel-
atively shallow waters (<200 m) on upper slope or outer shelf
settings (Föllmi 1996; Trappe 1998).

Textures of the phosphorites and phosphatic mudstones of
the Duo Lake Formation indicate reworking on the sea floor
and the local formation of hardgrounds. In the Upper cherty
member, phosphorite samples have abundant clastic grains of
fluorapatite-francolite (Fig. 6b–d) that are similar to those of
modern reworked phosphorite deposits (e.g., Föllmi 1996;
Trappe 1998; Pufahl 2010), in which phosphate concentration
occurs by winnowing and reworking in a shallow shelf envi-
ronment. In the Upper siliceous mudstone member, phosphate

laminae appear homogeneous in hand sample (Fig. 5b) and
under the microscope, but at high resolution via SEM these
laminae show distinctive clastic textures (Fig. 6a) that support
deposition by reworking of pre-existing phosphate accumula-
tions. The thin phosphate laminae and the enclosing organic-
rich black mudstone are remarkably similar in appearance to
phosphatic mudstone within the Miocene Monterey
Formation of coastal California, attributed by Föllmi et al.
(2005) to condensed strata that record both primary and early
diagenetic phosphogenesis on and near the sea floor. Based on
studies of modern phosphate accumulation on the Peruvian
and Namibian shelves, it is likely that deposition of phospho-
rites and phosphatic laminae in the Duo Lake Formation in-
volved bacteria including anoxic sulphide-oxidizing bacteria
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Fig. 12 Model for sedimentary environment during early Paleozoic
formation of stratiform phosphate and Zn-Pb deposits in Howards Pass
district. Views are along northwest strike of the district, approximately
parallel to present edge of Mackenzie platform (Fig. 1). Bottom, Late
Ordovician deposition of phosphorite in upper part of Lower cherty mud-
stone member, involving upwelling of nutrient- and P-rich waters onto

outer shelf. Top, early Silurian deposition of Zn-Pb sulphides in Active
member, within elongate sea-floor depression. Inferred growth faults are
projected into Proterozoic basement rocks based on radiogenic isotope
data (Cousens 2007). During middle Silurian time, deposition of phos-
phatic mudstone resumed in Upper siliceous mudstone member (see text)
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(Cosmidis et al. 2013, and references therein). A hydrothermal
origin for the district phosphate proposed by Goodfellow and
Jonasson (1986) and Goodfellow (2007) is ruled out by the
above stratigraphic and sedimentological arguments and by in
situ trace element and REE data for district apatite reported by
Gadd et al. (2016a).

Basin to shelf transition in Duo Lake Formation

The stratiform Zn-Pb deposits of the Active member have
long been attributed to syngenetic mineralization within
separate anoxic basins or subbasins (Goodfellow and
Jonasson 1986; Goodfellow 2007). However, the presence
of phosphorites in the immediate footwall (Upper cherty
member) and phosphatic mudstone in the hangingwall
(Upper siliceous mudstone member) instead suggest a dif-
ferent environment, on an upper slope or outer shelf setting
(Fig. 12). Geochemical support for this new model, in ad-
dition to the presence of locally high P2O5, includes a
range of TOC, V, Mo, and U contents, and generally low
Ce/Ce* values (Fig. 7), which collectively imply sulphidic
to suboxic bottom waters that are typical of the dynamic
redox environments of these settings (Brumsack 2006;
Böning et al. 2009). Moreover, ratios of Mo/TOC × 10−4

for mudstone and phosphatic mudstone samples from the
Lower cherty mudstone, Active, and Upper siliceous mud-
stone members are uniformly very low (avg 2.0 ± 1.9) like
those of organic-rich sediments on the modern Namibian
shelf (avg 6 ± 3), whereas Mo/TOC × 10−4 ratios of mud-
stones from the Pyritic and Calcareous members are rela-
tively high (most ∼12–20) and within the range of ratios
for sediments of the modern anoxic Cariaco Basin (avg
25 ± 5), as compiled by Algeo and Lyons (2006). The
major exception to this pattern is in sulphidic sediments
of the Black Sea that have a low average Mo/TOC × 10−4

ratio of 4.5 ± 1, which reflects Mo limitation in the water
column due to oceanographic isolation and lack of venti-
lation of the water column by Mo-bearing oxic seawater.
However, a restricted Black Sea setting is considered un-
likely for the middle and upper parts of the Duo Lake
Formation owing to occurrence of the phosphorites and
phosphatic mudstones, which require access to the open
ocean for upwelling of nutrient- and P-rich waters and sub-
sequent deposition of abundant phosphate.

The stratigraphic level of the proposed transition fromabasin to
an upper slope or outer shelf environment is suggested to be in the
upper part of the Lower cherty mudstone member that was depos-
ited in the Late Ordovician (Hirnantian). This member records a
sharp drop in Mo/TOC × 10−4 ratios and contains phosphorite
beds. In other ancient sedimentary successions of black shale
and phosphorite, such as the phosphatic facies of the Permian
Phosphoria Formation in the western USA, the phosphorites are
thickest at the basin to slope transition (Tisoncik 1984) where

upwelling P-richwaters preferentially impinged onto the continen-
tal shelf (Piper and Link 2002). This model is consistent with
seaward migration of the shelf due to lowering of sea level during
the preceding Hirnantian glaciation (Fig. 11) and with interpreta-
tions of migrating shelf facies in other ancient sedimentary succes-
sions (e.g., Plink-Björklund andSteel 2002;Bullimore et al. 2005).
More work will be required to evaluate whether this model is
applicable regionally to all of the Duo Lake Formation within
the Selwyn Basin (e.g., Gordey and Anderson 1993).

Zn-Pb deposits

Based on the new model presented above, the Active member
of the Duo Lake Formation and its contained Zn-Pb deposits
formed in an upper slope or outer shelf setting (Fig. 12). Zn-Pb
mineralization within separate anoxic (or sulphidic) basins is
considered unlikely given multifaceted evidence from sedi-
mentary lithofacies (e.g., widespread phosphorites) and geo-
chemistry (e.g., Mo/TOC × 10−4 ratios). Owing to deforma-
tional overprints including locally pervasive thrust faults
(Hodder et al. 2014), it is not feasible to discern primary sea-
floor topography during Zn-Pb mineralization in the Howards
Pass district. However, if the modifiedmodel involving down-
ward percolating dense metalliferous brine (Sangster 2002;
Gadd et al. 2016b) is valid, then some type of seafloor depres-
sion is required in order to confine the brine and focus sul-
phide mineralization in the shallow subsurface. Given the
similar lithofacies of the Duo Lake Formation that host the
15 different Zn-Pb deposits of the district (Kirkham et al.
2012), multiple depressions corresponding to each deposit
are not required. Formation of the depression—or trough—
may have been generated by synsedimentary faulting, which
also was needed to produce conduits for metalliferous hydro-
thermal fluids to reach the sea floor. However, no evidence of
such faulting—or a hydrothermal vent complex—is known in
the district. Moreover, possible sedimentary products of
synsedimentary faulting such as talus deposits or coarse sand-
stone have not been reported within the Duo Lake Formation,
either locally within the district or regionally in the Selwyn
Basin (Morganti 1979; Gordey and Anderson 1993).
Nonetheless, some type of synsedimentary growth faulting
likely occurred on the outer shelf (e.g., Gibbs 1984; McNeill
et al. 1997) prior to and possibly during Zn-Pb mineralization,
perhaps linked to sediment loading and drowning of the shelf.
If the growth faults were small and lacked appreciable dis-
placement, then they can be very difficult to recognize even
in undeformed terranes (see Baudon and Cartwright 2008)
and especially in shale-dominant sequences that lack marker
beds. Although igneous rocks are unknown in district strata of
the Duo Lake Formation, the presence of alkaline mafic vol-
canics in correlative early Silurian sequences of the Selwyn
Basin (Fig. 11; Goodfellow et al. 1995) suggests that the hy-
drothermal system responsible for the Howards Pass Zn-Pb

588 Miner Deposita (2017) 52:565–593



deposits may have been driven by heat from mafic magmas at
depth. However, magmatic heat is not required for the forma-
tion of most CD Zn-Pb deposits worldwide (Leach et al. 2005,
and references therein), especially if fluids are infiltrated to at
least ∼3–5 km to attain elevated temperatures and effectively
leach metals from source rocks at depth (e.g., Garven et al.
2003; Southgate et al. 2006).

In the modern marine realm, active sediment-hosted Zn-Pb
mineralization is unknown and hence no direct analog exists for
deposits of the Howards Pass district. However, some sites are
similar in terms of sedimentology and general setting. For exam-
ple, large depressions of diverse origin are well documented on
outer parts of many continental shelves (e.g., Holtedahl 1958).
The northeastern Atlantic shelf contains basins, channels, and
troughs up to 400 km long and as much as 700 m deep
(Uchupi 1968). On the Arctic shelf, glacially carved troughs 35
to 1400 km long, 12 to 260 km wide, and 200 to 1000 m deep
have been delineated (Batchelor and Dowdeswell 2014). The
early Silurian Active member at Howards Pass overlies Late
Ordovician strata that are broadly coeval with the globally wide-
spread Hirnantian glaciation (see Delabroye and Vecoli 2010;
Finnegan et al. 2011). However, glacially carved troughs are
unlikely analogs for the accumulation of the Zn-Pb deposits in
the district because the host strata there, of Late Ordovician to
early Silurian age, were deposited at low latitudes of∼10 to 20°N
(Jin et al. 2013; Torsvik and Cocks 2013).

Aviable candidate in the modern realm may be the Cariaco
Basin on the continental shelf north of Venezuela. This elon-
gate basin is ∼200 km long, ∼50 to 75 km wide, has a maxi-
mum depth of ∼1400 m (below an interior saddle), and con-
tains anoxic to sulphidic bottom waters (Peterson et al. 1991;
Yarincik et al. 2000). A second potential modern analog is the
Orca Basin in the southern Gulf of Mexico, which is ∼30 km
long and 500 to 700 m deep (below rim top) and has highly
saline anoxic brines (Tribovillard et al. 2008); this basin is
situated on the continental slope and not the shelf. Note, how-
ever, that a shelf- or slope-hosted basin is not favored for the
Pyritic siliceous and Calcareous members because these lack
phosphorous concentrations, which might be expected in such
depositional settings; therefore, a basin external to the shelf
and slope is preferred.

The previous consensus model for the Zn-Pb deposits of the
district involves mineralization in multiple subbasins external to
the Mackenzie carbonate platform (Goodfellow 2007 and
references therein). Our studies argue against this model, based
on evidence presented above for an outer shelf or upper slope
setting for the Zn-Pb (and phosphate) deposits, but it may have
relevance for the underlying members of the Duo Lake
Formation (Fig. 3). A possible modern analog for the setting of
these strata is in the so-called Southern California borderland.
Here, west of the continental shelf and slope, eight silled basins
∼10 to 100 km in diameter and up to ∼1200 m deep (below sill
top) contain suboxic to locally anoxic bottom waters (Gorsline

1990; Eichhubl et al. 2002). Two of these basins, Santa Barbara
and Santa Monica, have diameters of ca. 40 to 50 km, similar to
the present strike extent of the Zn-Pb deposits in the Howards
Pass district (Fig. 2). This comparison is limited, however, by the
fact that the Southern California borderland is an active continen-
tal margin, whereas CD Zn-Pb deposits typically form in passive
margin settings (e.g., Leach et al. 2010).

Exploration applications

Results of this study have applications to mineral exploration on
both local and regional scales. In addition to common geological,
geochemical, and geophysical guides (e.g., Lavery et al. 1994;
Goodfellow2007), previousworkers in theHowards Pass district
have proposed the utility of diverse parameters including the
presence of ammonium-rich mica (Williams et al. 1987), radio-
genic Sr (Cousens 2007), and phengitic muscovite (Peter et al.
2015), among others. Our study provides a different perspective
based on newly recognized sedimentary lithofacies and deposi-
tional settings for the Duo Lake Formation. Several findings are
emphasized here. One is that two units of phosphorite and
phosphate-rich black mudstone occur, respectively,
stratigraphically below and above the Active member (Fig. 7).
These phosphatic strata are not of hydrothermal origin, as sug-
gested by Goodfellow and Jonasson (1986) and Goodfellow
(2007), but instead are products of normal marine upwelling
processes similar to those invoked for other ancient and modern
phosphorites; this interpretation is supported by recently acquired
trace element andREEdata for apatite grainswithin theHowards
Pass deposits and host rocks (Gadd et al. 2016a). A second key
finding of our study is the unique depletion of LREE in sulphide-
poor black mudstone of the Active member (Fig. 8), attributed
here to the downward passage of dense and acidic metalliferous
brines, which establishes an additional exploration guide.

A major conclusion presented here is that the phosphate and
Zn-Pb deposits of the district formed within a single shallow
depression in an upper slope or outer shelf setting and not in
one or more marginal anoxic basins. This new model (Fig. 12)
is based mainly on the stratigraphic distribution of phosphorite in
theUpper chertymember below theActivemember, and insights
from modern analogs in which phosphorites form preferentially
in these settings, where upwelling P-rich waters impinge on the
continental shelf. This model implies that the exploration for
Paleozoic CD Pb-Zn deposits elsewhere in the Selwyn Basin
should include upper slope and outer shelf environments, close
to and perhaps on the edge of theMackenzie carbonate platform,
as exemplified by the Late Silurian-Early Devonian Vulcan de-
posit (Fig. 1; Mako and Shanks 1984). As noted by Slack et al.
(2015a), other stratiform sediment-hosted Zn-Pb deposits and
prospects have stratigraphically associated phosphorites or
apatite-rich beds including those in the Irecê area of Brazil
(Kyle and Misi 1997; Misi et al. 2010), the Prades Mountains
of Spain (Canet et al. 2004), and at the large Gamsberg orebody
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in South Africa (Stalder and Rozendaal 2004). The Sekarna Zn-
Pb deposit in Tunisia also has associated phosphatic strata
(Garnit et al. 2012), but it is unclear whether this deposit has a
CD Pb-Zn or MVT affinity. Significantly, some modern phos-
phorites have local concentrations of sphalerite, such as on the
Peruvian shelf (Arning et al. 2009a). Collectively, these associa-
tions of Zn ± Pb deposits with phosphorites and phosphatic strata
further support our model for Zn-Pb mineralization in the
Howards Pass district having formed in an upper slope or outer
shelf setting. This model has applications beyond the Selwyn
Basin and hence may be applied to other ancient continental
margin successions.
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