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ABSTRACT. High-precision CA-TIMS %°°Pb/***U zircon dates clarify the age and
tectonic significance of the Cambridge Formation which is poorly exposed in the
Boston Basin, eastern Massachusetts, but transected by ~50 km of tunnels beneath
the mainland and Boston Harbor. The youngest detrital zircon in a sample from the
northern Braintree Weymouth Tunnel establishes a maximum depositional age of
584.09 £ 1.98 Ma, consistent with sources in sills of that age in underlying Roxbury
Conglomerate. A 551.22 *+ (.20 Ma ash bed from the Mystic Quarry in Somerville,
Massachusetts lies near the top of an approximately 5350 m thick, dominantly
argillaceous section measured in subsurface cross sections.

These were constructed from attitudes reported in pre-1960 tunnels and from
mapping logs obtained from tunnels completed decades later during the federally
ordered clean-up of Boston Harbor. A 488.58 = (.16 Ma aplite sill intruding argillite
~800 m above the ash bed sets the minimum depositional age on the north side of the
Basin. A tighter constraint comes from trilobite-bearing strata of the lower Cambrian
Weymouth Formation located south of Boston that overlies the Cambridge Formation
without obvious break in the Braintree Weymouth Tunnel. If Cambridge deposition
was continuous after 584 Ma, the depositional interval would exceed 40 million years.
An estimated ~20 Ma depositional hiatus seems more likely because the base of the
Cambridge Formation appears to define a regional unconformity above which argillite
rests variously on magmatic arc-related units of both the 595 to 584 Ma Roxbury
Conglomerate and the 597 to 593 Ma Lynn-Mattapan Volcanic Complex.

Cambridge deposition set in once arc activity in more northerly “West” Avalonian
terranes extending through Atlantic Canada to the Avalon Peninsula, Newfoundland
had given way to wrench faulting and bimodal magmatism. This regime is manifested
structurally in Boston-area tunnels by later-reactivated normal faults in which hanging
wall blocks of Cambridge argillite were originally downthrown relative to older
footwall units. Pyroclastic volcanic textures and thin basaltic flows with soft sediment
contacts are present in argillite of the City Tunnel Extension, and whole rock major
element and REE compositions reveal mixed terrigenous and volcanic components
deposited under marine conditions throughout the Basin. Proposed sources for the
latter are voluminous eruptions recorded in the 560 to 550 Ma Coldbrook Group in
New Brunswick’s Caledonia terrane.
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INTRODUCTION

Fossiliferous Cambrian shales resting locally on widespread granitoid basement of
presumed Precambrian age (Billings, 1929; Dowse, 1950) prompted early interpreta-
tions linking SE New England east of the Lake Char and Bloody Bluff faults with the
Avalon Peninsula of Newfoundland (fig. 1; Rodgers, 1967 and 1972; Rast and others,
1976; Williams, 1978; Skehan and others, 1978). Pioneering U-Pb zircon geochronol-
ogy shortly thereafter confirmed the Proterozoic Z origin of granites and volcanic
rocks in the vicinity of Boston, Massachusetts (upper concordia intercept dates from
batch zircon analyses of Kaye and Zartman, 1980; Zartman and Naylor, 1984; Ediac-
aran in current timescales). These results together with more abundant dates from
Canadian localities gave rise to more detailed tectonostratigraphic analysis in a
succession of papers starting with Murphy and Nance (1989) and elaborated as
additional information emerged (Nance and Murphy, 1996: Murphy and others, 2000;
Nance and others, 2002, 2008). According to this model, northern Appalachian “West”
Avalonian terranes (inset map in fig. 1) experienced early subduction (~730-650 Ma)
in arcs developed on ~1.3 to 1.0 Ga juvenile crust in the ocean surrounding Rodinia.
The early arcs were accreted to the Gondwanan margin, and after a lull, subduction
resumed beneath that margin to produce the main, more voluminous phase of
Avalonian arc magmatism (~630-570 Ma). Volcanism and plutonism were accompa-
nied by widespread deposition of volcanogenic turbidites in various volcanic arc basins
attributed to an oblique component of the convergence. This phase ended without
significant orogenesis at different times across West Avalonia (~590-540 Ma), giving
rise to additional rift- and wrench-related basins interpreted in terms of a ridge-trench
collision and development of a continental transform fault.

The succession from magmatic arc through transitional arc-rift or wrench basins
to stable Cambro-Ordovician platform was adopted with minor age adjustments in the
lithotectonic map of Hibbard and others (2006). Available New England data, by then
including more reliable U-Pb dates based on small zircon fractions pre-treated for
Pb loss (Hepburn and others, 1993; Thompson and others, 1996), placed SE New
England magmatic rocks among members of 630 to 580 Ma “younger Neoproterozoic
magmatic arc” in figure 1. Overlying the arc complex in the topographic Boston Basin
and widening eastward beneath Boston Harbor, Roxbury Conglomerate and argilla-
ceous deposits of the Cambridge Formation constrained by “Vendian” microfossils
(Lenk and others, 1982) were assigned to the magmatic arc-to-rift transition sequence.

More accurate and precise crystallization ages now available for Boston-area
granites and volcanic rocks (table 1) reinforce cross-terrane correlations with
arcrelated sequences in more northerly Avalonian terranes (fig. 1). However, a
combined chemical abrasion-thermal ionization mass spectrometry [CA-TIMS] and
laser ablation-inductively coupled mass spectrometry [LA-ICPMS] approach to dating
the Roxbury Conglomerate establishes 595 to 584 Ma U-Pb age constraints that also fall
within the interval of arc activity (M. Thompson and others, 2014). Here we present
LA-ICPMS and CA-TIMS results indicating that aerially more extensive and much
thicker marine deposits of the Cambridge Formation (fig. 2) are significantly
younger than the previously reported maximum age of ~570 Ma (Thompson and
Bowring, 2000). The new dates suggest a considerable Roxbury-Cambridge deposi-
tional hiatus and raise many questions about the tectonic scenario preceding platform
deposition in SE New England. Previous correlations with transitional units in more
northerly Avalonian terranes must also be re-examined.

EVOLVING VIEWS OF THE CAMBRIDGE FORMATION

Most early observers of sedimentary rocks in the Boston Basin described the
typically gray, argillaceous units named for Cambridge, Massachusetts as slate (Shaler,
1869; Crosby, 1888; LaForge, 1932; fig. 2). Cambridge Argillite eventually took hold as
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Fig. 1. Simplified geologic map of southeastern New England. Colored units in the legend are based on
lithotectonic subdivisions of Hibbard and others (2006). Unlabelled parts of the basement are mainly
gneisses of assumed Neoproterozoic age for which U-Pb dates are either unreliable (Zartman and others,
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the formation name because thin bedding or lamination is more common in these
rocks than slaty cleavage (Billings, 1929) and because keeping track of transitions
between silty and finer-grained Cambridge units during subsurface mapping is very
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TABLE 1

Age constraints on Avalonian arc-related granitoid and volcanic rocks in SE New

England
Rock Formation U-Pb Isotopic Date* (Millions of years)
Through Current Constraint
1985+
Lower Upper  27Pb/>'°Pb 206pb/238U  Source
intercept intercept date date
date date
Brighton Igneous Suite No data 584.19+0.70 1
585.37+0.72 "
Dartmouth Pluton ! 59545 2
Lynn Volcanic Complex " 596+3 3
5058+ 1.2 4
Mattapan Volcanic 602 + 33 593.19+0.73 1
Complex 5974+1.5 4
596.0 + 1.4 "
5957+ 1.6 "
596 +2 6
Esmond Granite 621+ 87 599 +2 8
Westwood Granite no data 599+ 1 6
Cohasset Granite " 598.7+ 1.8 9
Fall River Granite 584 +£ 710 604.4+1.2 8
631+10'"
Gneisses
Ten Rod Gneiss 602 + 8!
Hope Valley Alaskite 626 = 19! 606 + 5% 12
Northbridge Gneiss no data 607 £ 5% "
Ponagansett Gneiss " 612 + 5% "
Milford Granite 630 £ 150 606.3 + 1.2 8
Dedham Granite no data 606+ 3 3
North of Boston 607 + 4 "
609 + 4 "
611 + 2! 13
Dedham Granite 630 £ 1510 608.9 + 1.2 8
609.1 £ 1.1 "
609.5+ 1.1 "

* Date (used throughout the paper to denote what has been measured) is interpreted as crystallization age.
Unless otherwise indicated, all dates obtained using Thermal lonization Mass Spectroscopy [TIMS].

207pp/2°6PY dates for Fall River Granite; other entries in this column are upper intercept U-Pb dates.

¥ Obtained via Sensitive High-resolution Ion Microprobe [SHRIMP].

* Obtained via Laser Ablation-Inductively Coupled Plasma Mass Spectrometry [LA-ICPMS].

Sources of dates are: 1— Thompson and others, 2014; 2— Hermes and Zartman, 1992; 3— Hepburn and others,
1993; 4—Thompson and others, 2007; 5— Kaye and Zartman, 1980; 6—Thompson and others, 1996; 7—Hermes
and Zartman, 1985; 8—Thompson and others, 2010; 9—Dillon and others, 1993 and personal communication of
G.R. Dunning; 10—Zartman and Naylor, 1984; 11—Zartman and others, 1988; 12—Walsh and others, 2009;
13—Hanson and McFadden, 2014.

difficult (Rahm, 1962). While recent sedimentological analysis of Cambridge deposits
on several Boston Harbor islands (fig. 1) is framed in terms of mudstone, siltstone and
fine to very fine sandstone (P. Thompson and others, 2014), argilliteis retained here as
the most convenient name for summarizing Cambridge rock types, especially in
subsurface settings detailed below. Recognition of a transitional sequence of argillite
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Fig. 2. Simplified geologic map showing distribution of the Cambridge Formation in the vicinity of
Boston, Massachusetts and tunnels from which subsurface data were compiled. Cambridge Formation is
undifferentiated at this scale, but further divided in figure 3. See figure 1 for location of surface exposures on
Calf, Middle Brewster and Outer Brewster islands east of this map in Boston Harbor.
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interbedded with quartzose sandstone leading into the lower Cambrian Weymouth
Formation on the south margin of the Basin makes Cambridge Formation the preferable
stratigraphic name.

Surface exposure of the Cambridge Formation in figure 2 is limited to minor, now
commonly inaccessible, outcrops in Cambridge and Somerville, Massachusetts north
of Boston and in Quincy, Massachusetts to the south. As a result, most previously
available information comes from subsurface reports compiled during construction of
water supply and sewerage tunnels in the northern parts of the Boston Basin before
1960. Both the City Tunnel Extension (CTE; AA’ in fig. 2) and the Main Drainage
Tunnel (MDT; CC’ in fig. 2) were mapped in detail (Rahm, 1962; Billings and Tierney,
1964), but only one day of reconnaissance was possible in the North Metropolitan
Relief Tunnel (NMRT; BB’ in fig. 2), so that data from this tunnel was largely obtained
from shallow, un-oriented core borings above the tunnel alignment (Billings, 1975).
The Dorchester Tunnel completed in 1974 provides a glimpse of the Cambridge
Formation on the south side of the Boston Basin (Richardson, 1977; FF” in fig. 2), but
the most detailed information from this area comes from the Inter-Island Tunnel (IIT;
DD’ in fig. 2) and the Braintree-Weymouth Tunnel (BWT; EE’ in fig. 2) built in
response to a 1986 federal court order to clean up Boston Harbor. Argillite docu-
mented on Calf, Middle Brewster and Outer Brewster islands (P. Thompson and
others, 2014; fig. 1) during bedrock mapping prior to establishment of the Boston
Harbor Islands National Recreation Area in 1996 can also be roughly linked with
sections in the tunnels.

Interpretations shown in cross sections of figure 3 have been compiled by the first
author from attitudes documented in the early tunnels reports, from unpublished
mapping logs of the IIT (Stone & Webster, Inc.) and BWT (GZA Environmental, Inc.),
from inspection of surviving core borings archived by the Massachusetts Water
Resources Authority, and from traverses of the IIT and BWT in 2000 and 2001 before
they were lined. Dimensions related to locations in the tunnels or borehole depths are
quoted in feet to correspond with original engineering documents and drilling logs.
Samples acquired from core borings and tunnel visits have supplied materials for thin
sections used for routine petrography and electron-microbe analysis of constituent
minerals, for whole-rock major and trace element geochemical analysis and for U-Pb
zircon geochronology via LA-ICPMS and CA-TIMS summarized in the following
sections. The synthesis developed below is consistent with all available information, but
admittedly permissive. Beyond the greatly expanded database underlying this synthe-
sis, possibilities for sampling the Cambridge Formation are likely to remain spotty.

PETROGRAPHY AND MINERALOGY

Mineralogy throughout the Cambridge sequence is dominated by felty inter-
growths of fine silt- to clay-sized white mica and chlorite, accompanied by varying
amounts of fragmental quartz and plagioclase, along with phyllosilicate-rich pods
interpreted as altered volcanic or argillaceous rock fragments. Such grains typically
measure 0.2 to 0.5 mm (coarse silt) but locally reach 1 mm in the fine sand range.
Accessory pyrite appears macroscopically, and zircon can be seen in thin section.
Electron microprobe analysis reveals chamositic chlorite with Fe /Fe+Mg between 0.60
and 0.75 and K-deficient white mica consistent with illite; plagioclase is uniformly pure
albite. Sub-microscopic accessory minerals identified by microprobing include ubiqui-
tous apatite, monazite, rutile and other sulfides (arsenopyrite, galena, chalcopyrite,
sphalerite), and in three samples, titanite. Sub-millimeter thick opaque laminae are
commonly composed of framboidal pyrite, rutile and/or organic material, but backscat-
ter microprobe images in one sample show a preponderance of Fe-rich chlorite.

In contrast to their mineralogical uniformity, Cambridge deposits show consider-
able textural variability as illustrated in figure 4. The finest-grained layers are mainly
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Fig. 4. Plane-light photomicrographs of textures in Cambridge argillite in Boston-area tunnels. (A)
Crystal-poor (<25 modal % quartz + plagioclase). (B) Crystal rich. (C) Bedding laminae with indistinct contacts.
(D) Bedding truncated and displaced parallel to cleavage (S,;). North to left. (E) Bedding transposed parallel to
cleavage. (F) Graded bedding. IIT—Inter-Island Tunnel, NMRT—North Metropolitan Relief Tunnel, CTE—
City Tunnel Extension, BWT—Braintree Weymouth Tunnel, MDT—Main Drainage Tunnel.
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composed of chlorite and illite with <10 modal percent fragments of quartz and
plagioclase (fig. 4A). The coarsest layers contain 20 to 25 modal percent quartz +
plagioclase varying from rounded to angular in shape. The distinctly grainy appear-
ance of such samples is enhanced by an equal abundance of altered lithic fragments in
the form of irregular pods that are typically difficult to distinguish from surrounding
phyllosilicate-rich matrix (fig. 4B). Many samples contain alternations between coarser
and finer laminae across indistinct contacts, with some laminae measuring only a few
crystal diameters (fig. 4C). In fault zones or in hinge areas of folds, silty beds may be
truncated and translated parallel to cleavage (S, in fig. 4D) or completely transposed
(fig. 4E). Grading is also common in Cambridge samples as illustrated in figure 4F
where coarsest quartz grains reach into the fine sand range (~0.15 mm).

A 300’ drill core at Shaft 9 of the City Tunnel Extension (fig. 2) contains
numerous samples showing textures consistent with volcanic origin. Several of these
are illustrated in figure 5. The rock at depth —28.5 ft was sampled from a ~4 ft (1.2 m)
thick layer of mafic porphyry containing abundant <0.5 mm sericitized plagioclase
laths aligned in a phyllosilicate-rich matrix (fig. 5A). The turbid brownish color of the
matrix in plane light is consistent with considerable Fe-rich chlorite. In contact with
the host crystal-poor argillite, an altered glassy rind retains vestiges of a tubular,
possibly scoriaceous texture (fig. 5B). The irregular interpenetrating contact between
argillite and a thiner porphyry sampled lower in the core suggest interaction between
lava and soft sediment (fig. 5C). Possible accretionary lapilli or pumice clasts in the
form of flattened crystal-free phyllosilicate domains tapering into the matrix (fig. 5D)
are present at several depths, and embayed quartz appears in a crystal-rich layer at -
165.62 ft (fig. 5E).

GEOCHEMISTRY

Whole-rock geochemistry provides the most convenient means of characterizing
Cambridge compositions and comparing them across the Boston Basin. Available data
include whole-rock major and trace element analyses listed in table 2. Penetrative
cleavage observed in 15 of 45 analyzed samples (symbols with bold outline in figs. 3 and
6A) raise questions about mobility of CaO, Na,O and K,O and whether measured
concentrations of these reliably reflect depositional compositions. However, in figure
6A adapted from a diagram developed by Garrels and Mackenzie (1971, p. 213) to
represent the full chemical range of “average” modern sediments, cleaved Cambridge
samples span the same compositional range as the majority of samples that lack
cleavage. Compositions for reference clays from the original diagram as well as the
North American shale composite (NASC of Gromet and others, 1984) lie on the same
trajectory, suggesting that strain-related alkali mobility (Wintsch and others, 1991, for
example) has not significantly altered the compositions of these rocks.

Cambridge silica contents lie with few exceptions between 60 and 70 weight
percent SiO, (table 2), consistent with reference compostions in figure 6A (data
re-calculated volatile-free from Clarke, 1924; El Wakeel and Riley, 1961; Hirst, 1962;
Gromet and others, 1984). By contrast, Cambridge compositions are commonly richer
than reference muds in Al,O3 and KyO, so that points plot in a broad band that sweeps
into the lower left corner of figure 6A. Illite compositions from bentonitic sediments
(table 2-16 in Weaver, 1989, calculated volatile-free) likewise fall into that area, in line
with the previous suggestion (Thompson and Bowing, 2000) that Cambridge deposits
include a component of volcanic ash. Terrigenous detritus is the obvious candidate for
the other end member of this mixture.

The geochemical composition of upper continental crust which supplies terrig-
enous detritus to marine basins (overview in Taylor and McLennan, 1985) is typically
approximated using rare earth element [REE] concentrations in fine grained terres-
trial deposits, but major element data are also available in some cases. Included in
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Fig. 5. Plane-light photomicrographs showing volcanic textures in samples City Tunnel Extension Shaft
9. (A) Plagioclase (plag) phenocrysts in mafic porphyry. (B) Chilled margin in porphyry in contact with
argillite. (C) Loaded porphyry-argillite contact. Labelled grains are pseudomorphed pyroxene (px) and/or
olivine (ol). (D) Phyllosilicate-rich domains interpreted as flattened accretionary lapilli or pumice clasts. (E)
Embayed volcanic quartz grains.

figure 6A are ratios calculated from New Zealand loess sampled from the Banks
Peninsula of New Zealand’s South Island (Taylor and others, 1983). These cluster on
the right edge of the diagram at the end of a proposed mixing line that terminates
amonyg illite compositions on the lower left. The NASC average shows higher calcium
and potassium than most argillite samples, but plots towards the terrigenous end of the



415

U-Pb geochronology and stratigraphy of Ediacaran Cambridge “argillite”

New England

‘Touun [, Jor[oy uenjodonoy YHON—LYIAN ‘U0Isu)xy [ouny, AD)—q 1) ‘A1uren) onsAN—OIA :SUOTIBIARIQQY
"901J-9[1R[OA

"uoII 830 H
"($961) AouIdr], pue sSur[[Ig] JO SISABUR [BOIUAYD JOM ¢
*$)IOSNYOBSSEIA JO ANSIOATUN ‘AY[108,] [BINATRUY ABI-X IOW]LD) " P[RUOY Y} WOIJ / -+ [ 8% 1do0Xd sasA[eue JoY30 [[e {qeT JYX PUB[S] OPOUY JO ANSIOATU() WOIJ SOSA[BUY

¥T 0t €C 53 ST 4 8 0¢ 61 94 81 8¢ 49 9¢ el
L9L 868 0IL 33 €€L <19 88L 919 60L SEL 6SL 0LS L89 byL edq
09 0L €S YL 9¢ S9 St 8L IS 68 9¢ 89 68 €9 D
€l wl el 911 A
€L 1L 19 19 D
0¢ LT 33 9¢ LE 0t 143 9¢ ST 0¢ [44 LT ¥ ¥ IN
LS oy 98 ovl 901 06 €L 01 LOT 6L 8L 9L LL €9 uz
(44 €C €C [44 €D
4 4 6 6€ qd
01 11 01 01 yL
9001 601 gocl 6'0CL 9'L6 68 881 LOT €6 611 ol STT SOt 901 St
€ 14 € € n
0S 65 38 148! 661 78 8¢ a4 601 11 €1l I 101 06 IS
ey 6¢ L8y 8'8¢ 9'C¢e [43 Y4 34 6¢ [43 St ST s oy A
LLT 144 STt y1¢ 81¢ 01T 91T (44 861 60T 1€C £0¢ 0€T 9Tt 1z
191 €1 8Pl (34! L€l 4! 0t 4! Il 4! LT 143 L1 4! aN
(wdd) syuowepe oovI], _
€L°66 $S°66 68'66 LT00T 12001 SE86 60'C6 666 1001 9996 8166 1066 7696 YL'66 01°'86 ;@101
o S1°0 S1°0 (430 60°0 7o 1o €0 L0°0 80°0 LSO 800 81°0 91°0 ‘0t
ore S LS'E £€Te S9C €LT wy 6C'S $9'¢ L8T LEE Y0y LT'E 6£°¢ €e'e o
110 S1°0 [4%4 SL'T 16'C L9'1 8T'C Sl 7'l [ 69'1 49! 6L'1 6L'C ¥9°0 O%N
¥¥°0 9’0 9’0 08°0 850 w60 7’0 LEO 'l 90°I 6¢'1 L60 6L°0 9L’0 LSO oD
081 LT1 861 €T 97T 91 S 40 w0l €'l 69'1 €L'T €Tl €L’ 1 67T 10T OSIN
0C°0 L0°0 €10 LT0 0T0 10 S1°0 L00 o 10 €10 S0°0 (SN0 o 10 OUN
178 oLy 79 €18 069 w'L Y6'L 99 £l €8 98 ¥'9 &9 €6'8 L6'L ;£fo%d
8881 w6l L8'61 IS'61 9¢'61 16l ¥L'0T €1'0T 98'1¢C 80'61 11°0T 1L°0T 1781 e 19'61 00V
[N €1l 16'0 $80 080 SO'T Lo ¥6°0 4% 80T LO'T 00'T 760 6L'1 Sl ‘Ol
¥9°¢9 6089 9TY9 8T°€9 Ir'v9 S1°€9 89t 10°€9 SI'ss LT'T9 SE'19 679 6v°€9 LT8S 9T9 EOIN
(% 1yS1om) syuowa[d Iofejy _
0z 614 |601-V8-¥61  T1-861 Cl-861 «ILVEL P +I8Y *S8-¥1 #LV "LT %LTE€0EN +8ST-0EN +LLI-0EN  x00T-0EN | +€-€6 LIN  +9-d¥ # PPl
LIAN 41D O
ST 4! €1 4! 1T 01 6 8 L 9 S 4 € 4 I

UODULIO 23P1IqUIDY) Y] Wo.Lf sajdups fO Suo11s0duiod Juauia]a 2ov.4) puv Lol

7 a1av],



in southeastern

nsition

416 M.D. Thompson and J.L. Crowley—Avalonian arc-to-platform tra

‘[ouuny, puefs[-Ioju]— L[] ‘[ouun, aSeurei ureN— LN ‘[ouun], Jorjoy uerjodomnoin YIoON— I MJAN :SUONRIAIqQY
"92L-O[IR[OA 4
“uodl [eJ0], |

*SPASNYOBSSEIA JO ANSIOATU() ‘A)TIoR,] [eonA[euy AeI-X QIOWLL) "g P[EUOY OU) WOIJ SISA[RUR JOYJO [[ ‘qeT JYX PUB[S] SPOUY JO AJISIOATU[) WOIJ SISA[RUY 4

4! 144 9T 81 a4 ST 94 8¢ 0¢ 0$ €1 81 ¥T |14 [43 el
69 IyL 08$ 90L €9 0L9 €89 8¢9 SIS ¥9 €6¢ 119 L6S 069 CI8 ed
86 8¢S 9 [44 YL 19 9s S9 SS L1 €€ 144 19 49 L9 D
S11 28! 1T1 [48! L1 601 148! 68 9¢1 601 98 Y01 A
149 19 LS 9s 8S 9$ €9 §3 S9 IS 6S 09 D
€S LT ST [43 6¢ 1€ LE 0¢ 9¢ 0€ S 9T [43 0¢ 8¢ IN
L8 98 S8 Y6 L8 IT1 86 601 38 88 69 L6 68 001 0L uz
144 61 €C €C €C €C 0T 1 0T 0T 0T 144 €D
I Sl ¥ 81 11 61 61 9 I S 8 61 qd
0l 8 8 6 6 [0)1 8 4! I 8 6 91 yL
ST 6°SIT S68 €601 066 666 L'L0T 996 6’18 L'€0T1 €6l 016 9L 6'8ST 0'c0T aa
€ 4 € € € € (4 4 I 4 C 14 n
68 86 341 16 16 YTl 01 LTl (434 961 9791 LST 143! 08 149 IS
8f 6'Th S'LE 1'ze 0°LE 9Ty To¢e 8'8¢ €LS 08¢ 8Tl L'LT €e 9'8C (1594 A
00T 85T 0€T 1€T €0T €T €T 09t €61 1€T ST1 1414 09¢ 1€T 61¢ 1z
4! L'ST 61 S'SI 0°S1 191 91 SSl 1'cl 'Sl 8¢ 0°¢€l 611 8'1¢C 0°LT aN
(wdd) syuowa]o oovI],
86°66 196 L666 S0°001 €0°001 6666 9966 L6°66 oot 85°66 €966 €66 S0°001 566 00°001 f[e0L
LT0 LT°0 SE0 81°0 LT°0 €10 61°0 LT0 T o ¥1°0 170 01°0 970 €10 ‘0t
66'C yoe ¥$'T So'¢ 06'C 8L'T S0'€ 69'C €T 08'C 10°¢ 05T (454 1494 10°¢ oo
LTT 89'1 ¥6'1 LSO S 40 781 ¥8'1 €T LET 6v'C wo 8¢T 67’1 L60 €60 O%N
'l 6£°0 0Tc'e L0 €9°1 S8°0 LE0 w90 0Ty 681 1€°0 €0 ¥0'1 L¥'0 o oD
81’1 861 €8'1 L1'T 8¥'C LTT 0€'C e T S8l 69'1 981 8S°C €8'1 e OSIN
LT°0 1o 61°0 910 o €10 €10 €10 910 ¥1°0 60°0 1o LT°0 ¥1°0 81°0 OUN
LSS S9°C 669 ILL 658 €0°L ILL LS9 61°L 143 8¢S 0€9 €L'8 99 98'L JRCLEE|
0¥'81 9L'61 LT LE6T 1781 8181 1s61 T¢81 €891 LO"8T €9°LT 1TLT ST'LI 65°0¢ L6'8T 00UV
9L’0 10°T 90T [Nt 80T 00T 660 €6°0 $80 09°0 98°0 £8°0 6L°0 £8°0 10°1 “OlL
$9°99 Trs9 €579 80°S9 0T'¥9 8¥°S9 LS€9 199 L19 8799 00°0L 8L'L9 §9°¢9 LS€9 96'S9 o1
(% 1yS1om) sjuowa[d Jofejn _
%«09+19 D161 di-v61 CH-S61  «VEH-S61  LH-S61 0IH-S61 -sel €1-661 _ dTl-S61 [ IVI-¥6l STl £l el «1TAA # pIotd
LII LAN LINN
0¢ 6¢ 8¢ LT 9T Y4 ¥ €T [44 1Ic [ ot 61 81 L1 91
(panuiuod)
7 a1avy],



417

U-Pb geochronology and stratigraphy of Ediacaran Cambridge “argillite”

New England

‘Teuun, 19)sayo1od— L ‘[oUUN ] INOWAI A\ donurerg—I Mg ToUUn I, pue[s[-IQu— L[] :SUOTIBIAIqQY
"92L-O[IR[OA 4

“uodl [eJ0], |
*SPASNYOBSSEIA JO ANSIOATU() ‘A)TIoR,] [eonA[euy AeI-X QIOWLL) "g P[EUOY OU) WOIJ SISA[RUR JOYJO [[ ‘qeT JYX PUB[S] SPOUY JO AJISIOATU[) WOIJ SISA[RUY 4

LT 6C T €T L1 €T 14! LT 6C 143 €C 6°0C 4! SI 06l L8t
LS9 399 91L 6SL 999 oy (339 999 L6L 189 LL9 918 £0S 80L €EL egq
L9 0L 09 8¢ 8% LS 153 It 69 L St 69 89 IS ¥S D
S9 961 60T ITr 61T 801 ITr 811 8T1 LOT 86 S6 A
94 8L 6L 0€ 08 0¢ 0¢ 9¢ 29 (94 144 67 L]
8T 4! 6T 53 01 S¢ ! 01 9T 8T 8T ¥T S¢ [43 ¥T IN
29 0S 0cl1 Stl €01 o€l L8 €01 101 66 98 66 88 801 <01 uz
91 €T T 61 LT 0T 61 ¥T 1T 1T LT 1T D
S 4 4 9 ¥l Ll 9 Cl Il Il (44 Sl qd
11 8 8 S 01 8 S 8 8 0l Cl I L
L6 €yel 9°6C1 9'LET €18 01T 816 €18 et $'88 901 L'OLT 911 4! STl Lkt
T I 4 I 1 I I T 4 4 4 € n
9Tl 98 IS1 191 8LIT L1T 961 8LI1 151 L8T 9Tl 6S1 ¥01 £9¢ 991 BN
[43 9LT (433 8'LE |43 ey 99T |43 (433 14743 09¢ 4 0¢ e €'¢€T A
S0t 81¢ 8¢€T 9sT €0T £9C ¥$T €0T (414 TsT 1444 L€ 00T 9¢€T Y61 1z
Il Lel L'yl 6°S1 ol 7Sl Lel (40! oyl oyl sel 60T 4! SI 0°SI aN
(wdd) syuowa[o aovI],
SEL6 SO'L6 96'66 £6'66 566 ¥T001 8L'66 68'66 1¥'66 177001 10001 10°001 95°66 80°L6 $6'66 feoL
Y70 1o €00 ¥0°0 60°0 10 01°0 80°0 ro 61°0 ST°0 S0 S1°0 90 LT0 f04d
£€9°C 18°C Sr'e 9¢'¢ 00°¢ 98°C LT 8¢€'C £€r'e 0S¢ €0'¢ Ies Sv'e S9'¢ 96'C (6D
66°0 43! PS1 wl 8L°0 wl YTT 86'1 9¢'C SL'T €8°1 S0 0 6£°0 8TT O%N
€01 160 cro [4N(] SI'0 95°0 1S°0 €L'1 ¥L0 £€0'C o1l o L'l w1 A [6)5e]
we 9’1 99°1 ol €T €T 191 9¢'1 L8'1 [ 96°1 99°1 €51 1871 0S'1 03N
€10 ro 110 cro ¥1°0 61°0 110 91°0 01°0 ST°0 €10 LT°0 LT°0 600 81°0 OUN
9¢'8 L8°S ¥€'6 LS°6 €C6 (344l 8Y'L ST8 w9 SI'9 S99 w9 IL’L 60°L 125 f0%d
LELT SN 9T°0T 6T 1T we 18°CC 6L°LT 6591 1L°81 8TLI 10°81 19°CC 80°61 10°1C Ly'81 0V
€01 ¥6°0 4! IS1 160 (43! 140! So'1 101 00°1 6L°0 or't $8°0 w1 9L°0 OLL
SE'€9 LT'LY 179 8L°09 LS'T19 18°6S 6099 1199 S8%9 Y799 9€'99 w9 179 8109 §S'99 oIS
(% 1yS1om) syuowo[d Iofej
*9¢1d yTld S0+S01 09+901 LME SS+601 0€+CI 1 09+€1 1 06+EE1  0b+60T  L0+81T | 00+S61 +08+C61 «0CHELT  0€+STI # Pl
1d LAd LIT
N4 44 34 [44 |84 (U4 6¢ 8¢ LE 9¢ S¢ 143 133 [43 53
(panuiuod)

7 A1av]L



418 M.D. Thompson and J.L. Crowley—Avalonian arc-to-platform transition in southeastern

A. © . - |
© Mystic Quarry + City Tunnel Extension
I North Metropolitan Relief Tunnel Terigenaus
< Braintree Weymouth Tunnel detritus ==
5 |~ ¥ Main Drainage Tunnel BP: +
A Inter-Island Tunnel x +
¢ Dorchester Tunnel
™M 4 B =
o = O
g g v Nearshore marine clay
QN 3 [ Terrigenous clay
N < ® *
* % @) N * ®
2 ek * Proposed mixing line between: — |
llite == Terrigenous detritus proxied by New Zealand loess
n=43 Y Volcanic ash proxied by illite from bentonite
1 1 L L
0.0 0.5 1.0 15 20
CaO+Na,0/K,0
B_ 11 T T T T T T T T T T T T ]
VOLCANIC PORPHYRY
100 = FROM CTE SHAFT 9-28.5" 3
w0 - . -
() - ]
b=t - _
% — ¥ NankaiTrough \ —
( .
(o) = New Zealand loess (n = 5) -
6 $8 Argo Abyssal Plain (n=7)
X 10 | —
3 - 3
& E ES, NASC, PAAS ]
B Hawaiian alkali basalt ]
(range for 12 samples)
CAMBRIDGE SAMPLES FROM CTE, NMRT, MDT
1 = (range for 6 samples) —
-1 ] ] ] ] l L ] ] ] ] L ] ] [

La C¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 6. Whole-rock geochemistry of the Cambridge Formation. (A) Argillite composition compared to
modern marine sediments (plotted after Garrrels and Mackenzie, 1971). Symbols with bold outlines denote
samples with cleavage. Analyses 22, 28 in table 2 contain >3 wt % CaO and plot outside the field on the right.
(B) REE compositions. Normalization factors from Sun and McDonough (1989). Sources of reference
compositions: Nearshore marine clay—Hirst (1962), terrigenous clay—Clarke (1924), red clay—El Wakeel
and Riley (1961), illite from bentonite—Weaver (1989), New Zealand loess—Taylor and others (1983), Argo
Abyssal Plain—Plank and Ludden (1992), Nankai Trough—Underwood and Pickering (1996), Hawaiian
alkali basalt—Spengler and Garcia (1988). CTE—City Tunnel Extension, NMRT—North Metropolitan
Relief Tunnel, MDT—Main Drainage Tunnel.
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TABLE 3

Rare Earth Element [REE] compositions of representative samples from the Cambridge

Formation
Mystic Quarry CTE MDT NMRT
MT93-3 RF6 Shaft 9 Shaft 9 Shaft 9 195-H3A RF21
-28.5 ft -61.5 ft -135 ft

La 43.4 25.1 63.8 51.4 27.3 31.9 33.0
Ce 86.4 50.5 131.8 96.2 57.2 68.2 75.2
Nd 463 26.6 68.9 47.0 25.1 33.1 349
Sm 8.65 5.21 13.44 9.15 5.71 7.07 8.05
Eu 2.17 1.42 3.58 2.12 0.83 1.49 1.75
Gd 8.3 5.9 12.5 7.2 5.0 6.5 8.5
Tb 1.38 0.99 1.87 1.12 0,77 1.08 1.37
Tm 0.73 0.63 0.68 0.52 0.44 0.54 0.73
Yb 5.24 4.54 4.32 3,62 3.06 3.81 5.03
Lu 0.77 0.70 0.61 0.53 0.44 0.57 0.73

Instrumental neutron activation analyses [INAA] courtesy of Nelson Eby, Department of Earth Sciences,
University of Massachusetts Lowell. Methods detailed in Eby and others (1998).

Cambridge spectrum. Seafloor deposits of terrestrial derivation documented in set-
tings including the Nankai accretionary prism of southwest Japan (ODP Site 808;
Underwood and Pickering, 1996) and the Argo Abyssal Plain adjacent to northwest
Australia (ODP Site 765; Plank and Ludden, 1992; Plank and Langmuir, 1998) also
plot on the right side of figure 6A.

The presence of terrigenous components in Cambridge argillite is also consistent
with REE patterns obtained from six samples from the CTE, MDT and NMRT (table 3).
All of these show light REE enrichment, a mild Eu anomaly and a flat heavy REE
distribution quite similar to values both from the New Zealand loess and the two ODP
sites (fig. 6B). The gray field in figure 6B encompassing patterns for average continen-
tal crust based on the NASC as well as the Post-Archean average Australian Shale
(PAAS of Nance and Taylor, 1976) and European shale composite (ES of Haskin and
Haskin, 1966) also lies within the hatched Cambridge envelope. A more enriched REE
pattern was obtained from core boring113-N30 —28.5 from CTE Shaft 9. This sample
contains abundant plagioclase laths of probable volcanic origin (fig. 5A), and its REE
distribution falls within the range shown by alkali basalt from Hawaii’s Kohala Volcano
(Spengler and Garcia, 1988; horizontally ruled field in fig. 6B).

U-Pb GEOCHRONOLOGY

Samples for U-Pb zircon dating were collected from five locations shown in both
the map of the study area (fig. 2) and accompanying cross sections (fig. 3). Zircon was
separated from crushed samples via Wilfley table, Frantz magnetic separator and heavy
liquids. Stratified samples MT94-2C and MTW?2 yielded abundant zircon of sufficient
size for LA-ICPMS investigation of age spectra. The youngest grains identified by these
analyses were then removed from the epoxy mounts and re-dated via CA-TIMS to
obtain precise 206pp, /2381 dates. Low zircon yield and small size proved too small for
this approach in samples 110 + 70 and 209 + 40, so these were analyzed by CA-TIMS
only. For igneous sample 198-8A-210 which yielded a single zircon population, only
CA-TIMS was necessary. Details of sample preparation and analysis for each method as
well as an explanation of = x/y/z error reporting can be found in the Appendix.
Cathodoluminescence [CL] images and LA-ICPMS isotopic data are included as
Supplementary Data (Appendix fig. Al and Appendix table Al, respectively). CA-TIMS
isotopic data appear in table 4. Sections below contain details about and results from
each sample, and all dates and errors are summarized in table 5.
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TABLE 5

Summary of U-Pb dates and calculated errors

Sample Map Unit/location 200pp/A8U date £ x/y /z*  MSWDY/
number (Ma) (n)*
MT94-2C Ash bed/Mystic Quarry, Somerville, MA ~ 551.22+0.20/0.33 /0.66" 1.4/(7)
194-8A -210 Aplite sill/CTE Shaft 8 488.58 £0.16/0.29 /0.587 1.6/(5)
Cambridge argillite/ BWT North 1.8(2)
MTW2 Weymouth Shaft 598.74 +£0.27/0.32/0.69"
110+ 70 Cambridge argillite/IIT 597.78 £0.21/0.35/0.71 (1)
209 +40 Cambridge argillite/BWT 584.09 +£1.98/2.00/2.09 [€))

* All errors are 20 and are expressed in two significant figures (details on U-Pb methods in Appendix). Where
discussion in text requires random uncertainty only, the date itself is rounded to a single decimal place.

T Weighted mean 2°°Pb/?**U date; other entries are analyses of single zircons.

¥ Mean square of weighted deviates.

# Number of analyses included in average (bold values in table 4).

Sample MT94-2C

This sample is from a 37 cm thick calcified ash bed in the Mystic River Quarry in
Somerville, MA (figs. 2 and 3A). A concordant 2O7Pb/ 206ph, TIMS date of 568 Ma from
a 6-grain, air abraded zircon fraction gave rise to the previously reported estimate of
~570 Ma as the age of this rock (Thompson and Bowring, 2000). An upper concordia
intercept date of 639 * 3 Ma from a linear array of six discordant multi-grain analyses
revealed a component older zircon component as well. Results presented below were
obtained from a magnetic split remaining from the earlier study. The zircon suite is
dominated by prism fragments ranging from 50 to 150 wm. An average aspect ratio of
2.3 was determined from five unbroken prisms, and a few equant zircons <100 microns
are also present.

Fifty-one single grains from sample MT94-2C (CL images in fig. AL.A, supplemen-
tal data) were analyzed by LA-ICPMS (Appendix table Al), and grains that yielded the
nine youngest dates were analyzed with an additional spot. Two other grains that were
not in the original group were also analyzed with two spots. For 10 of these 11 grains,
the dates are equivalent (thatis, probability of fitis >0.05). Weighted mean dates were
calculated from these 10 grains, and these dates were used along with the single dates
from grains in a relative probability plot (fig. 7A; n = 53). For the one grain with two
spots that did not yield equivalent dates, the oldest date was used in the relative
probability plot. The dominant peak in the plotis at 561 Ma, and there is a small peak
at 638 Ma.

Seven grains from MT94-2C with young LA-ICPMS dates }ielded CA-TIMS dates
(table 4) that are equivalent with a weighted mean *°°Pb/***U date of 551.22 =
0.20/0.33/0.66 Ma (MSWD = 1.4, probability of fit = 0.20; concordia diagram in fig.
7A). The most conservative interpretation is that this date is the maximum deposi-
tional age of the ash. Because the dominant 561 Ma peak in the probability plot is
within 2 percent of the CA-TIMS date and thus within resolution of the LA-ICPMS
method, itis also reasonable to conclude that the majority of the zircon in the sample is
likely the same age and that 551.22 * 0.20 Ma (analytical uncertainty only) represents
the depositional age of the ash. The 638 Ma peak in the relative probability plot reflects
the presence of a minor xenocrystic or detrital zircon component.

Sample 194-8A — 210

This sample is a piece of core boring from Shaft 8 of the City Tunnel Extension
(figs. 2 and 3A). The rock represents a 1.2 m layer of sparsely porphyritic pink aplite
containing 1 to 2 mm albite phenocrysts in a matrix of albite and quartz. Accessory
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Fig. 7. Relative probability plots of LA-ICPMS U-Pb dates and concordia plots of CA-TIMS dates for
samples from locations shown in figures 2 and 3. Concordia diagrams plotted with Isoplot 3.0 (Ludwig,
2003). Ages in Ma are marked on the concordia curve, and individual analyses of single zircons as shown as
20 error ellipses. Gray areas behind concordias represent the decay constant uncertainties. Errors reported
as = x; complete U-Pb isotopic data and errors listed in tables 4 and 5, respectively. LA-ICPMS isotopic data
in Appendix table Al. (A) Mystic Quarry ash bed, Somerville, MA. (B) Aplite sill intruding argillite, CTE
Shaft 8A. (C) Argillite, BWT North Weymouth Shaft. (D) Argillite, IIT. (E). Argillite, BWT. CTE—City
Tunnel Extension, BWT—Braintree Weymouth Tunnel, IIT—Inter-Island Tunnel.
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minerals include apatite, monazite, pyrite and zircon showing oscillatory zoning in CL
images (fig. A1.B, supplemental data). Five of seven zircons analyzed by CA-TIMS from
this rock (table 4) are equivalent with a weighted mean of *’°Pb/***U date of 488.58 +
0.16/0.29/0.58 Ma (MSWD = 1.6, probability of fit = 0.18). Two other dates are
488.05 = 0.33 and 487.47 = 0.33 Ma (analytical uncertainty only). The weighted mean
date is interpreted as the igneous crystallization age, and the two younger dates are
interpreted as being from grains in which domains that suffered Pb loss were not
completely removed by chemical abrasion (concordia diagram in fig. 7B).

The dated aplite resembles samples described as sills by M.P. Billings slightly to the
north in the tunnel itself (unpublished notes in Harvard University Archives) and thus
provides a minimum age for the argillite it intrudes.

Sample MTW2

This sample from the North Weymouth Shaft of the Braintree Weymouth Tunnel
(figs. 2 and 3E) is coarse sandstone composed mainly of quartz, K-feldspar and lithic
fragments including granite, myrmekite, volcanic rocks and a few quartzose sedimen-
tary types (Q = 78.3 %, F = 4.5 %, L. = 17.2 %). Detrital muscovite is bent around
framework grains, and accessory apatite, monazite, sulfides and zircon are also present.

The strategy for this sample was to pick only euhedral zircon likely to yield the
youngest dates. Selected grains ranging from 75 to 300 pm include some complete
prisms with aspect ratios averaging ~2.5, oscillatory zoning and no cores, as well as
numerous broken fragments of such grains (Appendix fig. A1.C). All but two of
seventy-eight of these grains analyzed by LA-ICPMS yielded dates between 652 * 12
and 576 * 14 Ma (Appendix table Al), defining the principal peak on the probability
density plot at 614 Ma (fig. 7C). Two grains of similar morphology yielded significantly
older dates represented by probability peaks at 754 Ma and 1530 Ma (Appendix table
Al). Six grains that yielded dates from the young end of the age spectrum were
re-analyzed by CA-TIMS (concordia diagram in fig. 7C). Two of these were broken into
two fragments that were analyzed separately. Two fragments from one grain (zla,b in
table 4) yield a weighted mean date of 599.78 * 0.29/33/70 Ma (MSWD = 0.2, pof =
0.65) and two fragments from another grain (z2a,b in table 4) yield a weighted mean
date of 598.74 * 0.27/0.32/0.69 Ma (MSWD = 1.8, pof = 0.18). Four other dates are
610.03 * 0.21 to 608.57 = 0.27 Ma. The youngest date of 598.74 * 0.27 (analytical
error only) is interpreted as the maximum depositional age of the sandstone.

This result is consistent with a 207P‘b/ 206ph date of 599 Ma (reported without
uncertainty by Green and others, 2002) for the youngest of several zircons from a
siltstone higher in the North Weymouth shaft. All LA-ICPMS analyses overlap within
uncertainty but CA-TIMS dates fall into two discreet age groups, both of which are
consistent with sources in local granites listed in table 1 and discussed further in a later
section.

Sample 110 + 70

This sample was collected in the Inter-Island Tunnel approximately 3.4 km south
of the Deer Island Shaft (figs. 2 and 3D). The rock is laminated and contains ~40
modal percent angular fragments of quartz, plagioclase and chlorite-rich clots that may
be altered volcanic rock fragments. These grains are studded through a felty matrix of
muscovite + chlorite and accessory apatite, monazite, Fe-oxides and zircon. Extracted
zircons were all sharply facetted, but sizes <50 wm were too small to mount for
LA-ICPMS, so six of these were analyzed by CA-TIMS only (table 4). Five of these
yielded dates from 618.00 * 0.43 to 597.78 £ 0.21/0.35/0.71 Ma (analytical error only
shown in fig. 7D). The youngest date is interpreted as the maximum depositional age.
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Sample 209 + 40

This sample comes from the west wall of the Braintree Weymouth Tunnel
approximately 0.4 km south of the Nut Island Shaft (figs. 2 and 3E). The sequence in
this reach of the tunnel is well bedded on a scale of a few cm, and locally cross bedded.
This particular sample shows a distinctly grainy texture, reflecting up to ~20 modal
percent quartz and plagioclase crystals and more abundant phyllosilicate-rich clots,
possibly altered lithic fragments. These grains are all silt-sized, and the inferred lithic
fragments merge into a matrix of Fe-rich chlorite and illite. Millimeter-scale laminae
are defined by horizons varying in grain size or crystal content. Secondary titanite and
calcite are also present. Tiny, sharply facetted zircons in this sample were suitable only
for CA-TIMS (table 4). Six grains from this sample yielded dates from 628.22 *
0.59/2.00/2.09 to 584.09 £ 1.98/2.00/2.09 Ma (analytical error only in fig. 7E). The
youngest date is interpreted as the maximum depositional age. The large uncertainty
of this analysis reflects extremely low Pb in that zircon (z4 in table 4).

DISCUSSION

Structural Constraints on Stratigraphic Succession

Structural observations and interpretations bearing on regional stratigraphy of
the Cambridge Formation are summarized below for each tunnel cross section in
figure 3.

City Tunnel Extension.—Argillite in the top ~800 m of the ~2000 m CTE section is
younger than the ~551 Ma Mystic Quarry ash bed (fig. 3A). Previous interpretations
treating this sequence as a distal northerly facies of the Roxbury Conglomerate
(Billings and Tierney, 1964; Billings, 1976) now dated at 595 to 584 Ma (M. Thompson
and others, 2014) are no longer tenable. Relationships north of CTE Shaft 8 are better
explained by a north-dipping normal fault along which younger Cambridge strata in
the hanging wall were subsequently thrust back up over a rigid buttress of Roxbury
Conglomerate in the footwall. Argillite beds north of the fault are sheared and locally
transposed parallel to cleavage that is axial planar to a south-verging anticline (figs. 3A
and 4D) developed during shortening accompanying the thrusting. The timing of this
deformation is discussed in the Tectonics section.

North Metropolitan Relief Tunnel.—Micro-textures like those described above in the
CTE are also found in samples RF22 and RF25 from shallow core borings south of Shaft
2in the NMRT (fig. 3B). This zone is essentially on strike with, and thus interpreted as
the eastward continuation of the reactivated normal fault in the CTE. South of the
fault, the tunnel first transects the Charles River Syncline and then continues through
north-dipping beds to Shaft 1 at Deer Island (fig. 2). The NMRT cross sections is quite
generalized because of previously noted limitations on subsurface mapping. Billings
(1975, p. 117) detailed various assumptions underlying “approximate” attitudes shown
in his tunnel map, and many of these were judged too uncertain to incorporate into
figure 2B. The need for structural steel in 24 percent of the tunnel further suggests the
presence of undocumented faults. The estimated 2700 m thickness in the NMRT is
best considered a maximum.

Main Drainage Tunnel—The Cambridge Formation in the MDT begins east of
Shaft B (fig. 3C) where 50 m of gray argillite sampled at borehole 195-12B overlies
interbedded brownish, purplish and greenish argillite. The latter were assigned by
Rahm (1962) to the Cambridge Formation, but are considered here to be coeval with
Roxbury strata. Between here and Shaft C on the east, and assuming minor displace-
ments on several normal faults, the tunnel transects a maximum of 1600 m of gray
argillite that lies on the north limb of the Central Anticline (Billings, 1976; fig. 2).

Inter-Island Tunnel.—Approximately 545 m of section in the eastern end of the
MDT continues southward across the Central Anticline and neighboring folds in the
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IIT, and ~240 m more comprises the core of the Central Anticline (fig. 3D). Higher
strata beginning at the level of sample 110 + 70 are younger than ~598 Ma and
comprise ~1000 m of generally S-dipping gray argillite equivalent to NMRT horizons
on the south limb of the Charles River Syncline. The argillite is more tightly folded
north of a zone of more than 100 m of badly decomposed rock (Cathedral Fault of
P. Thompson and others, 2014; fig. 3D) where Cambridge strata abut older,
Roxbury-related brownish gray siltstone. This zone is interpreted here as another
reactivated north-dipping normal fault. South of the fault zone, gently folded
Cambridge strata overlying reddish argillite at the top of the Roxbury Conglomer-
ate continue without discordance to the Nut Island Shaft where the IIT connects to
the BWT (fig. 2).

Braintree-Weymouth Tunnel.—Cambridge strata south of Nut Island (fig. 2) are
younger than ~584 Ma, the youngest detrital zircon obtained from sample 209 + 40
(fig. 3E). Here, in contrast to moderate dips and open folds in the IIT, gray argillite
dips steeply south and is offset by high angle cross faults (fig. 2). North of Houghs
Neck, argillite interbedded with muscovite-bearing quartzose sandstone is isoclinally
folded and faulted against mafic volcanic rocks and related conglomerate shown on
most maps as Roxbury Conglomerate (Zen, 1983, for example). This sequence is
re-assigned here to the 597 to 593 Ma Lynn-Mattapan Volcanic Complex (Zlmv, Zlmn
in figs. 2, 3E and 3F) because conglomerate clast assemblages here lack quartzite
lithotypes ubiquitous in Roxbury deposits (M. Thompson and others, 2014). Normal
faulting followed by thrust reactivation is necessary to explain isoclinal folds in younger
argillite in the hanging wall of this fault.

The top of the south-dipping Houghs Neck assemblage is sheared, and overlying
argillite shows increasingly strong cleavage, along with overturned and transposed
bedding (fig. 4E) and multiple thrust faults. There is much gray argillite in the
deformed sequence, but also greenish and reddish horizons, as well as quartzose
sandstone (Q in fig. 3E) including sample MTW2 which yields a maximum deposi-
tional age of ~599 Ma. These data together with the presence of a trilobite fragment in
a thin section of red shale near the south end of the tunnel (lower Cambrian
Weymouth Formation of Landing, 1988) suggest that the Cambridge Formation in this
area spans the Ediacaran-Cambrian boundary. The sandstone-bearing sequence is
distinguished as a separate, transitional member of the Cambridge Formation (stippled
Zct in fig. 3E). Quartzose sandstone associated with Cambridge argillite in surface
outcrops around Quincy, MA (beneath legend in fig. 2) was called Milton quartzite by
Billings (1982).

Stratigraphic thickness in the BWT can only be stated within broad limits due to
structural complexities described above. Minimum thickness for the lower part of the
section is 1300 m, including ~90 m of synclinally folded gray argillite north of the Nut
Island Shaft (fig. 3D) and ~1200 m of uncleaved argillite to the south (fig. 3E). The
transitional sequence south of Houghs Neck (Zct in fig. 3E) is realistically much
thinner than the transected thickness of ~2150 m shown in figure 8. However,
quantifying the effects of thrust duplication and repetitions related to transposed
bedding is not possible.

Dorchester Tunnel—Steeply south-dipping argillite starting slightly north of Shaft
7C (fig. 3F) is much disrupted by faults of indeterminable throw according to
Richardson (1977). He reported a thickness of 4000 feet (~1200 m), which is in
reasonable agreement with ~1100 m measured in figure 3E constructed using his
structural measurements. Fault relations between the Cambridge Formation and the
Lynn-Mattapan Volcanic Complex resemble those in the BWT, but these faults do not
connect along strike (fig. 2).
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Fig. 8. Regional stratigraphy of the Cambridge Formation inferred from structural relationships in
Boston-area tunnels and available U-Pb zircon geochronology. The approximate stratigraphic position of
argillites on Calf, Middle Brewster and Outer Brewster islands is based on the estimate of P. Thompson and
others (2014), but no thickness was indicated. CTE—City Tunnel Extension, NMRT—North Metropolitan
Relief Tunnel, MDT—Main Drainage Tunnel, IIT—Inter-Island Tunnel, DT—Dorchester Tunnel, BWT—

Braintree Weymouth Tunnel.

Stratigraphic Synthesis

Individual tunnel sections are integrated in figure 8 as columns showing thick-
nesses estimated above from cross sections in figure 3. The datum for this construction
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is the Roxbury-Cambridge contact transected in several of the tunnels, and the
columns are arranged from north to south across the map area (fig. 2).

The most continuous sequence above the datum is found in the MDT and NMRT
that connect at Deer Island (fig. 2). This section totaling ~4350 m is cut off by the fault
south of NMRT Shaft 2 (fig. 3B). Argillite thicknesses of ~1000 m in the IIT-N, and
~1100 m in the DT (fig. 8) correspond to middle and lower horizons of the composite
MDT-NMRT column.

Younger parts of the Cambridge Formation border the northern and southern
margins of the Boston Basin. The youngest units in the north lie above the ~551 Ma
Mystic Quarry ash bed in the ~2000 m CTE section (fig. 3A). This portion of the
sequence is inferred to have been originally higher than the top of the NMRT column
because of its position in the hanging wall of the reactivated normal fault that extends
from the CTE into the NMRT (figs. 2, 3A, and 3B). The hanging wall section in the
NMRT (above fault in fig. 8) contains quartzose sandstone with trace amounts of
detrital muscovite, thus permitting a link with similar interbeds in the BWT-S. Here,
the interbedded sandstone-argillite with a maximum estimated thickness of ~2150 m
(stippled Zctin fig. 3E) passes without obvious break into trilobite-bearing strata of the
lower Cambrian Weymouth Formation. At least some of this apparent Ediacaran-
Cambrian transitional sequence must be younger than ~551 Ma, though major faults
through the central part of the Basin preclude linking the CTE and the BWT-S directly.
The positions shown in figure 8 are consistent with observed ages.

The integrated thickness of the Cambridge Formation in the northern Boston
Basin is ~5350 m assuming that CTE and MDT-NMRT sections overlap as shown in
figure 8. This total is in unexpectedly good agreement with the ~5700 m estimate of
Billings (1975 and 1976) given the revised interpretations outlined above in each of
the tunnels. Requiring the Cambrian segment of the BWT-S section to be younger than
the ~551 Mystic Quarry ash bed does not add to the regional thickness, and placing it
in this position allows a proximal-distal relationship between argillites and associated
quartzose sandstone interbeds with more northerly Cambridge units. Turbiditic Cam-
bridge strata on Calf and the Brewster islands (fig. 1) lie at an estimated elevation of
~4500 m above the top of the Roxbury Conglomerate (P. Thompson and others,
2014), and these too may also be part of the proximal assemblage. The facies
relationship in figure 8 is slightly modified from Billings’ (1976) depositional model
for the Basin in that it excludes the 595 to 584 Ma Roxbury Conglomerate. Reassign-
ment of conglomerate at Houghs Neck to the 597 to 593 Ma Lynn-Mattapan Volcanic
Complex (M. Thompson and others, 2014; Zlmn in figs. 2 and 8) means also that the
Cambridge Formation in this area rests on a regional angular unconformity.

Cambridge deposition as determined from BWT-N sample 209 + 40 (fig. 3E)
began after 584.09 = 1.98 Ma, the same age as sills (Zb in fig. 2) that establish the
minimum age of the Roxbury Conglomerate (M. Thompson and others, 2014). The
551.22 = 0.20 Ma minimum age near the top of the northern argillite (fig. 3A) implies
a depositional interval of >30 Ma. This interval exceeds 40 Ma if the BWT-S section
spans the Ediacaran-Cambrian boundary. An alternative possibility of a post-Roxbury
depositional hiatus will be discussed in the section on Cross-terrane Linkages.

Detrital Zircon Provenance

Detrital zircon selection from tunnel samples 110 + 70, 209 + 40 and MTW?2 (fig.
2) concentrated on sharply facetted zircon euhedra likely to yield the youngest
possible maximum depositional age for the Cambridge Formation. The number of
analyses was further limited because only MTW2 contained zircon large enough for
LA-ICPMS. However, seventeen high precision CA-TIMS 206pp /2381 dates from all
three samples (table 4) were sufficient to establish a ~584 Ma maximum age reflecting
detritus from underlying Roxbury Conglomerate and to provide a number of other
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insights on argillite provenance. Discussion below also incorporates earlier TIMS
analyses of five air abraded zircons from an argillite in the CTE (<2% discordant
207pb,/2%Ph dates from sample 198-14 of Thompson and Bowring, 2000).

All twenty-two TIMS dates fall within the 614 Ma probability peak established by 76
of 78 LA-ICPMS analyses from sample MTW? (fig. 7C). Apart from the ~584 Ma zircon
highlighted above, all of these dates also correspond to published crystallization ages
for pre-Roxbury Ediacaran granitoids and volcanic rocks in greater Boston and across
SE New England (dates and sources in table 1). At least part of the Dedham Granite
was already exposed during the main phase of arc-related magmatism in southeastern
New England because ~597 Ma Lynn-Mattapan volcanic rocks and related conglomer-
ate rest unconformably on 609 Ma Dedham Granite in Hingham, MA (fig. 1; Thomp-
son and others, 2010). Transpressional faulting in conjunction with oblique subduc-
tion in the model of Nance and others (2008) could provide a mechanism for the
necessary uplift. Dedham emplacement at ~10 km—the middle of the 2-4kb pressure
range estimated by Dillon (ms, 1994)—implies an exhumation rate of 0.8 mm/yr,
comparable to values derived from low-temperature thermochronometry along many
parts of the transpressional San Andreas fault system (for example, Spotila and others,
2007; Moser and others, 2017). Continued unroofing to expose younger plutons (table
1) is consistent with ages of detrital zircons in 595 to 584 Ma Roxbury Conglomerate
(M. Thompson and others, 2014).

The six youngest detrital zircons (~599-596 Ma) were obtained from samples
MTW2, 110 + 70 and 198-14, and these are consistent with crystallization ages of
Lynn-Mattapan volcanic rocks and/or from slightly older Westwood, Cohasset and
Esmond granites. The largest group, comprising eight ~610 to 603 Ma dates from the
four tunnel samples, fall within the documented age range of the Dedham Granite and
Dedham Granite North of Boston. Uncertainties on the youngest two analyses in this
group allow overlaps with slightly younger Milford and Fall River granites, and larger
uncertainties on granitoid gneisses associated with the Milford Granite permit addi-
tional matches. A single ~612 Ma zircon from the CTE fits only with the Northbridge
gneiss, and six older dates between ~628 and 618 Ma are nominally consistent with the
first reported crystallization ages of the Esmond Granite (Hermes and Zartman, 1985)
or Hope Valley Alaskite (Zartman and others, 1988), but these are likely to be too old
because batch zircon samples of that era were not pre-treated to minimize Pb loss. In
short, all of the tunnel samples contain detritus consistent with derivation from local
bedrock sources. East-northeast-trending groove casts and slump folds overturned to
the east in the MDT imply deposition on east facing slopes (Rahm, 1962) and suggest
possible Dedham and Milford granite sources (undifferentiated in fig. 1) located in
the vicinity of Milford, Massachusetts.

The 551.22 * 0.20 Ma Mystic Quarry ash bed yielded a bimodal LA-ICPMs age
spectrum (fig. 7A) with an older, subordinate peak at 638 Ma. Eighteen zircons
contributing to this peak are interpreted as xenocrystic components in the eruption
cloud or reworked detrital components from underlying argillite. None of the grains
contributing to this peak was re- analyzed via CA-TIMS, but 7Pb/ 206ph dates of ~637
and ~635 Ma were previously obtained from multi-grain zircon fractions in the same
sample (z46, z47 in Thompson and Bowring, 2000). These dates and 628 to 618 Ma
dates discussed above might signal the presence of hitherto unrecognized pre-Dedham
magmatic units in southeastern New England, but as discussed below, sources in other
West Avalonian terranes are also possible.

Cross-terrane Linkages
The Cambridge Formation has commonly been compared with similarly thick and
monotonously gray sequences comprising the Conception Group in Newfoundland’s
Avalon Peninsula (Thompson and Bowring, 2000; Nance and others, 2008, for
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example; inset map in fig. 1). Instead, U-Pb zircon age constraints presented here
imply potential correlation with younger sequences in West Avalonian lithostrati-
graphic columns shown in figure 9.

The most promising source for the ~551 Ma volcanic ash near the top of the
Cambridge Formation is found in the >8 km thick Coldbrook Group of New
Brunswick’s Caledonia terrane (Giles and Rutenberg, 1977; Barr and White, 1999 and
2004; fig. 1 inset and fig. 9). Volcanic rocks in this sequence include flows of basaltic,
andesitic and rhyolitic composition, along with intermediate to felsic lapilli tuff, crystal tuff
and volcanic breccia that are interpreted as largely subaerial in origin. Interbedded with
the pyroclastic units are tuffaceous conglomerate and laminated tuffaceous siltstone.

Early U-Pb dating of the Coldbrook assemblage (mostly **’Pb/?*°Pb dates on
multi-grain, air-abraded zircon fractions of Bevier and Barr, 1990; Barr and others,
1994; Miller and others, 2000) has lately been augmented by single crystal *°°Pb/***U
dates obtained via LA-ICPMS (Barr and others, 2018 and references therein). Among
the latter are crystallization ages of 552.8 * 1.6 Ma and 553.3 * 3 Ma for rhyolitic units
in the bimodal upper Coldbrook Group exposed in coastal portions of the southern
Caledonia Highlands. These, together with a date of 557.4 = 2.5 Ma from dacite in the
lower Coldbrook Group located farther inland, constrain Coldbrook volcanism between
560 and 550 Ma (fig. 9). The Mystic Quarry ash bed lies near the end of this interval, and
thus could represent airborne tephra that travelled far from subaerial Coldbrook eruption
sites to be deposited along with fine-grained siliclastic marine sediment (figs. 4A, 4B, and
4C) in the Cambridge Formation of the northern Boston Basin.

Detrital muscovite in quartzite samples like MTW2 at the top of the Cambridge
Formation (figs. 3E and 8) suggest linkage with latest Ediacaran to lowest Cambrian
deposits recording the onset of stable platform conditions across West Avalonia. Of
particular interest are quartzite interbeds described in the Ratcliffe Brook Formation
(Barr and others, 2003; Reynolds and others, 2009; fig. 9) that overlies Coldbrook
volcanic rocks in the Caledonia terrane. Siltstone near the top of the Ratcliffe Brook
Formation is also micaceous. In the broader view of Landing (1996, 2004), these units
are respectively treated as equivalents of the Rencontre Formation and Chapel Island
Formation in southeastern Newfoundland. The overlying Random Formation in
Newfoundland (Hiscott, 1982) is represented in the Caledonia and Mira terranes by
the Glen Falls Formation (Tanoli and Pickerell, 1988) and Sgadan Lake Formation
(Barr and others, 1996), both of which include quartzites containing detrital musco-
vite. Depositional settings for these units vary from fluvial to marginal and open
marine, and gray or greenish gray Cambridge argillite in the BWT is consistent with the
latter category. Beyond representing similar sedimentary facies, all these deposits seem
likely to share some yet-to-be recognized source for their muscovite components.

Other possible links with the Caledonia section are suggested by >610 Ma detrital
zircons in Cambridge samples. Source rocks of such ages have yet to be recognized in
southeastern New England, but are found in volcanic rocks and cross-cutting plutons
comprising the 630 to 615 Ma Broad River Group in southern New Brunswick (Bevier
and Barr, 1990; Barr and White, 1999). Ages in this range along with some as old as
~640 Ma are also reported in the Cobequid highlands of northern mainland Nova
Scotia (Murphy and others, 1997; White and others, 2019 and 2020), providing
potential sources for inherited zircon contributing to the 638 Ma probability peak in
the Mystic Quarry ash sample.

Other similarities also suggest closer relationships between southeastern New
England, New Brunswick and northern mainland Nova Scotia than with more north-
erly Avalonian terranes in Cape Breton island and Newfoundland. Among the few
possible “peri-Gondwanan basement” occurrences throughout West Avalonia (Hib-
bard and others, 2006) are quartzites in the Westboro Formation (fig. 1) thatyielded a
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detrital zircon spectrum and <912 Ma maximum age similar to those documented in
samples from the Gamble Brook Formation in the Cobequid Highlands (Thompson
and others, 2012; White and others, 2020). Main-phase Avalonian plutonism in
southeastern New England (610-590 Ma in table 1) corresponds most closely in age to
bodies in the Antigonish and Cobequid highlands (Thompson and others 2010). Low
negative €y, values for SE New England granitoids likewise more resemble Cobequid
and Antigonish values than high positive values indicative of juvenile sources for
Newfoundland and Mira terrane granitoids (Thompson and others, 2012). The
presence of significant gaps in the geologic record above Ediacaran arc complexes in
New Brunswick and mainland Nova Scotia (fig. 9) makes this a plausible possibility in
southeastern New England as well.

The interpretation shown in figure 9 is consistent with “elliptical markings”
originally described by Clark (1923, p. 483) in Hingham, Massachusetts (fig. 1) as
resembling Aspidella terranovica Billings, 1872 in Precambrian rocks known now as the
St. John’s Group (fig. 9) which lies above the Conception Group with its ~566 Ma ash
bed at Mistaken Point (CA-TIMS 2°°Pb/?%8U date of Pu and others, 2016; fig. 9). The
small size of the Hingham structures led Clark to conclude that they are inorganic
features rather than Aspidella, but later workers have likened them to discoidal forms of
comparable age in the Longmyndian Supergroup of southern England and Wales
(Bailey and Bland, 2001; 566.1 = 3.1 and 559.3 = 1.9 Ma SHRIMP U-Pb dates of
Compston and others, 2002; further discussion in Noble and others, 2015). In either
case, deposition of pre-b51 Ma portions of the Cambridge Formation can reasonably
be inferred as starting after ~566 Ma.

Tectonic Setting

The Cambridge Formation falls between Ediacaran subduction-related magmatic
and sedimentary rocks in southeastern New England and Cambrian strata recording
stable shelf conditions in this area. Age constraints presented above place Cambridge
deposition within the intervening transition interval marked by the development of
extensional basins reflecting oblique collision and ultimately ridge-trench collision
(Nance and Murphy, 1996: Nance and others, 2002, 2008). As illustrated by the
tectono-stratigraphic columns in figure 9, the transitional rock record is highly variable
both within and among West Avalonian terranes.

The arc-to-platform transition in southeastern New England most resembles
relationships in the Caledonia terrane of New Brunswick. Magmatic arc sequences in
both places are followed by a significant hiatus before renewed activity starting around
560 Ma (fig. 9). In New Brunswick this took the form of voluminous Coldbrook
volcanism accompanying rifting of the 630 to 615 Ma Broad River Group (Barr and
White, 1999). Around Boston, Cambridge deposition overspread an erosion surface
variously exposing 595 to 584 Roxbury Conglomerate and 597 to 593 Ma Lynn-
Mattapan volcanic rocks at the top of the arc complex. The contrasting regimes in New
Brunswick and southeastern New England are linked through the 551 Ma Mystic
Quarry ash bed near the top of the Cambridge Formation and volcanic ash compo-
nents throughout the thick argillite section. Multiple normal faults documented in
Boston-area tunnels (fig. 3) suggest that Cambridge sedimentation also took place in
conjunction with rifting. Extension was already in progress during Roxbury deposition
and led to localized depocenters in which Roxbury-related sandstones accumulated
distinct detrital zircon populations (Thompson and others, 2014). Continuing or
renewed normal faulting during Cambridge time quite likely elevated previously
upfaulted blocks even further, thereby accentuating topographic irregularities of the
sub-Cambridge unconformity. The NE to ENE strikes of these faults are consistent with
sinistral transcurrent motions envisioned in the transform model of Nance and others
(2008). The protracted fault history also reinforces the interpretation linking signifi-



New England: U-Pb geochronology and stratigraphy of Ediacaran Cambridge “argillite” 433

cantly depleted del'®Oyy values in Ediacaran granites and volcanic rocks across
southeastern New England with meteoric-hydrothermal fluid circulation driven by
extensional basin formation (Potter and others, 2008).

Thrust reactivation is necessary to explain asymmetric, south-verging folds with
steep axial planar cleavage in hanging wall blocks of the CTE and IIT (figs. 3A and 3D).
Steep south dips, and in the extreme, overturned beds in the BWT (fig. 3E) find
counterparts in Pennsylvanian rocks overthrust by Dedham Granite on the north
margin of the Norfolk Basin (Chute, 1966; Volckmann, 1967) located southwest of
figure 2. The simplest explanation for this similarity is that all of these structures
formed during the Alleghanian collision between Gondwana and previously accreted
Avalonia on the eastern margin of Laurentia (340-330 Ma in van Staal and Barr, 2012).

CONCLUSIONS

Regional structure and stratigraphy, composition, age and Avalonian tectonic
significance of the poorly exposed argillaceous Cambridge Formation are reinter-
preted here using subsurface data from water supply and sewerage tunnels beneath the
Boston Basin and Boston Harbor to the east. These jointly provide a continuous
transect starting with the City Tunnel Extension and the North Metropolitan Relief
Tunnel on the north and proceeding though the Main Drainage Tunnel, the Dorchester
Tunnel, the Inter-Island Tunnel and the Braintree Weymouth Tunnel on the south.

Argillaceous sedimentary rocks dominate the >5 km composite stratigraphic
section integrating thicknesses determined from individual tunnel cross sections.
Whole-rock major element and REE compositions of tunnel samples and related core
borings reveal a sedimentary mixture of terrigenous and volcanic components depos-
ited in a deep marine basin. This sequence rests variously on magmatic-arc-related
units of the 595 to 584 Ma Roxbury Conglomerate (MDT and IIT) or 597 to 593
Ma Lynn-Mattapan Volcanic Complex (southern BWT), implying a regional sub-
Cambridge unconformity. Deposition started after ~584 Ma, the youngest CA-TIMS
date from detrital zircon in argillite approximately 500 m above Roxbury Conglomer-
ate in the Inter-Island Tunnel. Combined LA-ICPMS and CA-TIMS dates establish a
depositional age of ~551 Ma from an ash bed sampled in surface exposure near the
top of the Cambridge section in Somerville, MA. The Cambridge sequence ends in
argillite interbedded with muscovite-bearing quartzose sandstone in southern reaches of
the Braintree Weymouth Tunnel. This sequence passes without obvious break into
trilobite-bearing strata of the lower Cambrian Weymouth Formation, nominally suggesting
a depositional interval exceeding 40 Ma. The interpretation preferred here is that
Cambridge strata were deposited after an ~20 Ma hiatus above a significant regional
unconformity.

Cambridge deposition, whenever it started, occurred during the interval of
wrench faulting and bimodal magmatism that succeeded the Avalonian magmatic arc
after about 570 Ma in “West” Avalonian terranes extending from southeastern New
England through Atlantic Canada to the Avalon Peninsula, Newfoundland. Evidence
for the post-arc transtensional regime is found throughout the Boston-area tunnel
network in the form of normal faults with hanging wall blocks of Cambridge strata
down-dropped against Roxbury or Lynn-Mattapan units. The ~551 Ma Mystic Quarry ash
bed and ash admixed throughout the Cambridge section reflect contemporaneous
though distant magmatic activity. Proposed sources for this material are voluminous ~560
to 550 Ma eruptions recorded in the Coldbrook Group of New Brunswick’s Caldonia
terrane. Latest Ediacaran to Cambrian deposits above the Coldbrook Group include
micaceous quartzite analogous to interbeds in the Cambridge Formation below Cambrian
units in the Braintree Weymouth Tunnel. Likely counterparts for pre-551 Ma Cambridge
horizons include argillaceous units in the <566 Ma St. John’s Group, Newfoundland.
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Ediacaran normal faulting was followed by thrust reactivation to produce asymmet-
ric, south-verging folds with steep N-dipping axial planar cleavages in the hanging wall
blocks. Deformation intensifies on the south margin of the Boston Basin as evidenced
by steep to over-turned and transposed beds in the Braintree Weymouth Tunnel.
These structures may reflect Alleghanian orogenesis.
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APPENDIX

U-Pb geochronology methods at Boise State University Isotope Geology Laboratory LA-ICPMS
methods.—Zircon grains separated from samples using standard techniques were
annealed at 900 °C for 60 hours in a muffle furnace, and mounted in epoxy and
polished until their centers were exposed. Cathodoluminescence [CL] images were
obtained with a JEOL JSM-1300 scanning electron microscope and Gatan MiniCL.
Zircon was analyzed by laser ablation inductively coupled plasma mass spectrometry
[LA-ICPMS] using a ThermoElectron X-Series II quadrupole ICPMS and New Wave
Research UP-213 Nd:YAG UV (213 nm) laser ablation system. In-house analytical
protocols, standard materials, and data reduction software were used for acquisition
and calibration of U-Pb dates and a suite of high field strength elements [HFSE] and
rare earth elements [REE]. Zircon was ablated with a laser spot of 25 um wide using
fluence and pulse rates of 5 J/cm? and 10 Hz, respectively, during a 45 second analysis
(15 sec gas blank, 30 sec ablation) that excavated a pit ~25 pm deep. Ablated material
was carried by a 1.2 L/min He gas stream to the nebulizer flow of the plasma. Dwell
times were 5 ms for Si and Zr, 200 ms for **Ti and 2O7Pb, 80 ms for 2°°Pb, 40 ms for
202Hg, 204py,  208p, - 232ThH and 2%®U and 10 ms for all other HFSE and REE.
Background count rates for each analyte were obtained prior to each spot analysis and
subtracted from the raw count rate for each analyte. Ablations pits that appear to have
intersected glass or mineral inclusions were identified based on Ti and P. U-Pb dates
from these analyses are considered valid if the U-Pb ratios appear to have been
unaffected by the inclusions. Analyses that appear contaminated by common Pb were
rejected based on mass 204 being above baseline. For concentration calculations,
background-subtracted count rates for each analyte were internally normalized to *Si
and calibrated with respect to NIST SRM-610 and —612 glasses as the primary
standards. Temperature was calculated from the Ti-in-zircon thermometer (Watson
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Fig. Al. CL images of zircon with LA-ICPMS spot locations and analysis labels in red and CA-TIMS
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between mounts or samples. (A) Sample MT92-4C. (B) Sample 194-8A —210. (C) Sample MTW2.

and others, 2006). Because there are no constraints on the activity of TiO,, an average
value in crustal rocks of 0.8 was used.

Data for MT94-2C were collected in two experiments in March 2018 (Appendix
table Al). For MTW2, data were collected in one experiment in March 2019 (Appen-
dix table Al). For U-Pb and 2°"Pb/2°°Pb dates, in both cases, instrumental fraction-
ation of the background-subtracted ratios was corrected and dates were calibrated with
respect to interspersed measurements of zircon standards and reference materials.
The primary standard Plesovice zircon (Slama and others, 2008) was used to monitor
time-dependent instrumental fractionation based on two analyses for every 10 analyses
of unknown zircon. A secondary correction to the 206pp, /2387 dates was made based on
results from the zircon standards Seiland (530 Ma, unpublished data, Boise State
University) and Zirconia (327 Ma, unpublished data, Boise State University), which
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Fig. Al. (continued)

were treated as unknowns and measured once for every 10 analyses of unknown zircon.
These results showed a linear age bias of several percent that is related to the *°°Pb
count rate. The secondary correction is thought to mitigate matrix-dependent varia-
tions due to contrasting compositions and ablation characteristics between the Plesovice
zircon and other standards (and unknowns).

Radiogenic isotope ratio and age error propagation for all analyses includes
uncertainty contributions from counting statistics and background subtraction.
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Weighted mean dates are calculated using Isoplot 3.0 (Ludwig, 2003). The standard
calibration uncertainty is the local standard deviation of the polynomial fit to the
interspersed primary standard measurements versus time for the time-dependent,
206pp /2381 fractionation factor. This uncertaint is 1.4% (20) for both [March 2018]
experiments. Age interpretations are based on 96ph /238U dates. Errors on the dates
are at 20.

CA-TIMS U-Pb geochronology methods.—Zircon grains separated from samples using
standard techniques were annealed at 900 °C for 60 hours in a muffle furnace.
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Cathodoluminescence [CL] images were obtained using a JEOL JSM-1300 scanning
electron microscope and Gatan MiniCL. U-Pb dates were obtained by the chemical
abrasion isotope dilution thermal ionization mass spectrometry [CA-TIMS] method
from analyses composed of single zircon grains (table 4), modified after Mattinson
(2005).

Zircon was put into 3 ml Teflon PFA beakers and loaded into 300 wl Teflon PFA
microcapsules. Fifteen microcapsules were placed in a large-capacity Parr vessel
and the zircon partially dissolved in 120 pl of 29 M HF for 12 hours at 190 °C.
Zircon was returned to 3 ml Teflon PFA beakers, HF was removed, and zircon was
immersed in 3.5 M HNOyg, ultrasonically cleaned for an hour, and fluxed on a
hotplate at 80 °C for an hour. The HNOg4 was removed and zircon was rinsed twice
in ultrapure HoO before being reloaded into the 300 wl Teflon PFA microcapsules
(rinsed and fluxed in 6 M HCI during sonication and washing of the zircon) and
spiked with the EARTHTIME mixed **?U-***U-**Pb tracer solution. Zircon was
dissolved in Parr vessels in 120 pl of 29 M HF with a trace of 3.5 M HNOg at 220 °C
for 48 hours, dried to fluorides, and re-dissolved in 6 M HCl at 180 °C overnight. U
and Pb were separated from the zircon matrix using an HCl-based anion-exchange
chromatographic procedure (Krogh, 1973), eluted together and dried with 2 ul of
0.05 N H3PO,.

Pb and U were loaded on a single outgassed Re filament in 5 pl of a silica-gel/
phosphoric acid mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic
measurements made on a GV Isoprobe-T multicollector thermal ionization mass
spectrometer equipped with an ion-counting Daly detector. Pb isotopes were mea-
sured by peak-jumping all isotopes on the Daly detector for 160 cycles, and corrected
for 0.16 £ 0.03%/a.m.u. (1 sigma error) mass fractionation. Transitory isobaric
interferences due to high-molecular weight organics, particularly on ***Pb and 2°’Pb,
disappeared within approximately 30 cycles, while ionization efficiency averaged 10*
cps/pg of each Pb isotope. Linearity (to =1.4 X 10° cps) and the associated deadtime
correction of the Daly detector were determined by analysis of NBS982. Uranium was
analyzed as UO, " ions in static Faraday mode on 10" ohm resistors for 300 cycles, and
corrected for isobaric interference of 2?U30!°0 on 2%°U'%0!°0 with an 0 /%0 of
0.00206. Ionization efficiency averaged 20 mV/ng of each U isotope. U mass fraction-
ation was corrected using the known 283U /25U ratio of the EARTHTIME tracer
solution.

CA-TIMS U-Pb dates and uncertainties were calculated using the algorithms of
Schmitz and Schoene (2007), EARTHTIME ET535 tracer solution (Condon and
others, 2015) with calibration of 2**U/?°°Pb = 100.233, ?**U/%*°U = 0.99506, and
205pp /204ph = 11268, and U decay constants recommended by Jaffey and others
(1971). **°Pb/**®U ratios and dates were corrected for initial ***Th disequilibrium
using Dy, = 0.20 = 0.05 (1o) and the algorithms of Crowley and others (2007),
resulting in an increase in the *°°Pb/***U dates of ~0.09 Ma. All common Pb in
analyses was attributed to laboratory blank and subtracted based on the measured
laboratory Pb isotopic composition and associated uncertainty. U blanks are estimated
at0.013 = 0.009 pg (1o).

Weighted mean **°Pb/***U dates were calculated from equivalent dates (probabil-
ity of fit >0.05) using Isoplot 3.0 (Ludwig, 2003). Errors on the weighted mean dates
are given as = x/y/z, where x is the internal error based on analytical uncertainties
only, including counting statistics, subtraction of tracer solution, and blank and initial
common Pb subtraction, y includes the tracer calibration uncertainty propagated in
quadrature, and z includes the ***U decay constant uncertainty propagated in quadra-
ture. Internal errors should be considered when comparing our dates with 2*°Pb/***U
dates from other laboratories that used the same EARTHTIME tracer solution or a
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tracer solution that was cross-calibrated using EARTHTIME gravimetric standards.
Errors including the uncertainty in the tracer calibration should be considered when
comparing our dates with those derived from other geochronological methods using
the U-Pb decay scheme (for example, laser ablation ICPMS). Errors including uncer-
tainties in the tracer calibration and ***U decay constant (Jaffey and others, 1971)
should be considered when comparing our dates with those derived from other decay
schemes (for example, OAr/39Ar, 187Re-18705). Errors for weighted mean dates and
dates from individual grains are given at 20.
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