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Abstract: The morphology, internal architecture, and emplacement mechanisms of the Central 

Atlantic Magmatic Province (CAMP) lava flows of the Hartford and Deerfield basins (USA) are 

presented. The Talcott, Holyoke, and Hampden formations within the Hartford basin constitute 

distinct basaltic units, each exhibiting chemical, mineralogical, and structural differences 

corresponding to flow fields. Each flow field was the result of several sustained eruptions that 

produced both inflated pahoehoe flows and subaquatic extrusions: 1–5 eruptions in the Talcott 

formation and 1-2 in Holyoke and Hampden basalts, where simple flows are dominant. The 

Deerfield basin displays the Deerfield basalt unit, characterized by pillow lavas and sheet lobes, 

aligning chemically and mineralogically with the Holyoke basalt unit. Overall, the studied flow 

fields are composed of thick, simple pahoehoe flows that display the entire range of pahoehoe 

morphology, including inflated lobes. The three-partite structure of sheet lobes, vertical distribution 

of vesicles, and segregation structures are typical. The characteristics of the volcanic pile suggest 

slow emplacement during sustained eruptive episodes and are compatible with a continental 

basaltic succession facies model. The studied CAMP basalts of the eastern United States are 

correlated with the well-exposed examples on both sides of the Atlantic Ocean (Canada, Portugal, 

and Morocco).   

Keywords: Hartford; Deerfield basins; Newark Supergroup; CAMP; physical volcanology; 

pahoehoe lava flows; facies model of continental flood basalts 

 

1. Introduction 

The Central Atlantic Magmatic Province (CAMP) is one of the largest Large Igneous Province 

on Earth that was emplaced at ca. 201 Ma, close to the Triassic-Jurassic boundary, during the early 
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stages of the breakup of the supercontinent of Pangaea (Figure 1) that led to the opening of the Central 

Atlantic Ocean [1–5]. CAMP magmatism is nowadays represented by remnants of intrusive (crustal 

underplates, layered intrusions, sills, dykes) and extrusive (pyroclastic sequences and lava flows) 

rocks that occur in once-contiguous parts of North and South America, northwestern Africa, and 

southwestern Europe e.g., [4,6–12]. It may have covered over 7 x 106 km2, with a total volume of 

magma estimated at 2-4×106 km3, and it was active for no more than 4-5 Ma. However, the geographic 

boundaries of the CAMP remain uncertain, especially in Africa and South America. Recent 

investigation suggests that the CAMP was placed as far as the sub-Andean area in southern Bolivia, 

about 3000 km from the Atlantic margin [13]. This indicates that the extension of CAMP magmatism 

is probably much more extensive than previously recognized. Most CAMP rocks are tholeiitic low-

Ti Continental Flood Basalts (CFBs). 

In contrast, high Ti CFBs are restricted to a narrow zone in the southern margin of the West 

African craton (Liberia, Sierra Leone) and northeastern South America (Surinam, French Guyana, 

and northern Brazil) e.g., [14–17]. The CAMP is the result of a mantle super-plume (e.g., [18,19]) or a 

consequence of lithosphere extension and thinning, pre-dating the Atlantic opening, that triggered 

decompressional melting in the upper asthenosphere e.g., [20]. Magmatism is coeval with the mass 

extinction at the Triassic-Jurassic boundary e.g., [21]. Intrusive rocks are abundant and represented 

by up to 800 km long isolated dykes, dense dyke swarms, as well as by extremely voluminous sill 

complexes, and a few layered intrusions. Lava fields erupted as short-lived pulses and can be traced 

over distances of several hundred km within sedimentary basins [9,22–24]. The thickest lava-flow 

sequences crop out in Morocco and North America (up to 500 m thick; [3,8,17,25], while the thinner 

lava piles are described from Algeria (10-15 m), Portugal (up to 30 m) and South America (up to 130–

170 m) [13,16,26,27]. 

In the United States of America, the Newark Supergroup includes the lithologically and 

structurally related continental clastic rocks and interbedded CAMP basaltic flows of the Triassic-

Jurassic age that are exposed in discrete elongated basins parallel to the Appalachian orogen in the 

Piedmont of eastern North America [28]. CAMP sequences are present in five basins and sub-basins, 

namely in the Hartford (Connecticut), Deerfield (Massachusetts), Gettysburg (Pennsylvania), 

Culpeper (Virginia), and Newark (New Jersey) basins. In the Hartford basin, the CAMP basalts crop 

out along three parallel ridges (Figure 2): Talcott Basalt, Hampden Basalt, and Holyoke Basalt [29]. 

However, in the Deerfield basin, the CAMP volcanic succession consists only of one basalt formation 

called Deerfield basalt. 

Several studies have focused on the petrology and geochemistry of CAMP basaltic rocks of the 

USA to classify and elucidate the petrogenesis, the different mechanisms for supercontinent Pangaea 

breakup, and the formation of Large Igneous Province [30,31] and references therein]. Hitherto, 

comparatively little attention has been paid to the physical volcanology of the USA CAMP except for 

some seminal contributions that paved the way for this work [32–40]. However, it is worth studying 

the morphology and internal structures to decipher the emplacement mechanisms and the time-space 

distribution of the successive basaltic episodes of the CAMP and establish model facies.  

The detailed field analysis of the basaltic formations of Hartford and Deerfield allowed us to 

describe the morphology and internal structures to deduce lava flow emplacement processes and the 

genesis of associated structures. Correlation and comparison with other basins in the United States 

(Newark basin), as well as with the Canadian Fundy basin [25], Portuguese Algarve and Santiago do 

Cacém basins [26], and Moroccan High Atlas [41,42] will be presented. These are expected to allow 

the proposal of a general facies model of CAMP-flows and Continental Flood Basalts. Based on our 

observations and previous works, some suggestions about the Triassic-Jurassic boundary will be 

inferred. 
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Figure 1. (a) Location map of Africa–South America–North America, Greenland, and Europe at 201 

Ma and CAMP schematic extent; (b) Paleogeographic extent of ca 201 Ma Central Atlantic Magmatic 

Province (CAMP) across the central Pangean supercontinent (after McHone [6,26,43]). 

2. Geological Setting 

The Hartford (Connecticut), Deerfield (Massachusetts), and related early Mesozoic continental 

rift basins that are preserved on the margins of the Atlantic-bordering continents formed during the 
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incipient breakup of Pangea in the Triassic (Figure 2a). The overall structure of the Hartford basin 

(Figure 2b) is consistent with a step-faulted half-graben geometry as seen in other Newark 

Supergroup basins [24,44,45] and references therein]. The Hartford basin runs nearly north-south 

with a segmented west dipping border fault system on its eastern side, toward which the basin strata 

tilt at predominately low to moderate (∼10–15°) dips. The border fault system generally parallels the 

structural fabric of the Paleozoic metamorphic basement, suggesting that the border faults may be 

reactivated structures [46].  

The large-scale lithostratigraphy of the basin fill is composed of a tripartite succession (Figure 

2c): (i) a lower coarse arkose unit up to 3000 m thick named the New Haven Formation; (ii) a middle, 

generally finer-grained 2500 m-thick sequence containing interbedded basalt flows of the CAMP near 

its base, which consisting of the Talcott Basalt, Shuttle Meadow Formation, Holyoke Basalt, East 

Berlin Formation, Hampden Basalt, and about the lower Portland Formation; and (iii) an upper coarse 

arkose unit that exceeds 1500 m in thickness comprising the upper Portland Formation. A Jurassic 

middle and upper succession age is based on palynology [47–49] and vertebrate biostratigraphy 

[50,51]. Radio-isotopic dates from the CAMP basaltic flows interbedded with these strata have 

substantial scatter attributed in large part to post cooling alteration but are not inconsistent with a 

Jurassic age [52,53]. Geochemical and cyclostratigraphic correlation with other basins that have 

igneous rocks with more secure radio-isotopic dates [53–56] supports the earliest Jurassic (∼200 Ma) 

age for the basalts [7]. Mafic sills (e.g., Barndoor, West Rock, East Rock, Carmel) and dikes (e.g., 

Buttress, Higganum) intrude the New Haven Formation but not the Portland Formation and are 

considered as feeders of the extrusive volcanic [57]. The Deerfield basin is connected to the Hartford 

basin and has an analogous stratigraphy, except that only one basalt unit (Deerfield Basalt, equivalent 

to the Holyoke Basalt) [58–60] is present.  

 

Figure 2. (a) Early Mesozoic rift basins in eastern North America: 1, Fundy; 2, Hartford; 3, Newark; 4, 

Gettysburg; 5, Culpeper; 6, Danville; (b) Geologic sketch map of Hartford, Deerfield, and Pomperaug 

(Southbury) basins; (c) Stratigraphic section of Newark Supergroup in the Hartford basin (after 

[26,61]). 

3. Terminology and Methods 

Based on their surface morphology and structure, basaltic lava flows were subdivided into 

pillow, pahoehoe, and aa flows e.g., [62–64]. Inflated pahoehoe flows are characterized by a smooth, 

billowy, or ropy surface and exhibit a typical three-tiered structure [65], comprising: (i) a basal lava 
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crust; (ii) a lava core; and (iii) an upper lava crust while common pahoehoe does not present this 

internal structure. Aa flows are characterized by a massive or prismatically jointed core enveloped 

by angular clinker at both the top and base. A wide range of intermediate flow types occur between 

these two end-member types, such as rubbly pahoehoe, slab pahoehoe, and toothpaste pahoehoe 

[62,63,66–68]. According to Self et al. [69,70] and Thordarson and Self [71], the products of an effusive 

eruption can be subdivided into three hierarchic levels: flow lobes, lava flows, and lava flow fields: 

(i) A flow lobe is an individual unit of lava enclosed in a chilled crust, varying in length from 

decimeters to several kilometers and up to 60 m in thickness [72]. Lobes can be classified into two 

types: S-type (“spongy”) lobes, vesicular throughout their thickness and lacking pipe vesicles, and P-

type lobes (“pipe amygdale-bearing”), characterized by pipe vesicles and a vesicular base and top 

[72]; (ii) a lava flow is a regional subunit formed during a continuous effusive event. If a lava flow 

consists of a single flow lobe, it is referred to as a simple lava flow; if the lobe has a sheet-like or 

tabular geometry, it is classified as a sheet lobe; if the lava flow is composed of multiple lobes, it is 

termed compound lava flow [73]; (iii) a lava flow field is a complex body consisting of several lava 

flows produced by a single eruption. This work uses the terminology for inflated pahoehoe flows 

proposed in [69–71] (Figure 3). The three following aspects are considered as diagnostic features for 

pahoehoe inflation: (a) distribution, mode, shape, and size of vesicles, and vesiculation pattern; (b) 

jointing style; and (c) petrographic texture. This method has been applied to the Laki eruption flows 

(1783–1784) in Iceland [74] and to various CAMP-basalt flow sequences [25,40–42,75–84].  

For the estimation of the emplacement duration of pahoehoe lava flows, we use the empirical 

cooling model in Hon et al. [85], where the flowing equation t = 164.8 H2 allows us to estimate the 

time required for a lava flow crust to grow (where t is the time of emplacement in hours and H is the 

thickness of the upper crust in meters). While this technique may slightly underestimate the 

emplacement duration of an inflated lobe, it is the only quantitative method of estimating the 

duration of active emplacement of ancient lava flows currently available [69,86]. In the subaquatic 

lavas, pillows were measured for morphometric analysis. The horizontal (H) and vertical (V) 

maximum diameters of 105 pillows were measured using the method proposed by Walker [86]. We 

also use the terminology proposed by Fisher [87,88] to describe volcaniclastic (e.g., peperite, 

hyaloclastite) and epiclastic deposits (e.g., mudstone, siltstone, sandstone, limestone) that other 

authors have used for the description of primary volcaniclastic rocks (e.g., [89,90]). This classification 

[87,88] subdivides volcaniclastic rocks into pyroclastic, hyaloclastic, autoclastic, and epiclastic based 

on the particle-forming processes. Pyroclastic fragments (produced by explosive fragmentation), 

hyaloclastic (quench fragmentation), and autoclastic (mechanical self-fragmentation) can be applied 

to both individual grains and their deposits [91]. The epiclastic classification is restricted to fragments 

derived from weathering and erosion of preexisting rocks.  
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Figure 3. Ideal diagram showing feature structures of inflated pahoehoe sheet lobes [92]. The right 

side of the column illustrates the distribution of (c) vesiculation structures (VZ, vesicular zone; MV, 

mega-vesicle; HVS, horizontal vesicle sheet; VC, vesicle cylinder; SV, segregation vesicle; PV, pipe 

vesicle; BVZ, basal vesicular zone), (d) vesiculation (non- to sparsely vesicular d = 0–5 vol%, 

moderately vesicular m = 10–20 vol% and vesicular v = 30–40 vol%) and (e) degree of crystallinity (G, 

hyaline; hyh, hypohyaline; hc, hypocrystalline; c, holocrystalline). The scale h/l indicates the 

normalized height above the base of the sheet lobe (h, height in lobe; l, total lobe thickness). The left 

side of column (a) shows the characteristic three-part division of sheet lobes and jointing styles (b) 

CRZ, crustal zone; PLZ, platy zone; CLZ, columnar zone. 

4. Results 

Several sections were investigated from south to north across the basaltic formations cropping 

out in the Hartford and Deerfield basins in Connecticut and Massachusetts (Figure 2a,b). Three 

principal basaltic formations occur in northern Connecticut. From oldest to youngest, these are 

referred to today as the Talcott, Holyoke, and Hampden basalts. Although all are basalts, they are 

individually distinct and differ from one another chemically, mineralogically, and structurally 

[57,93]. We will describe in detail some of the best-preserved outcrops of the three basaltic formations 

(Talcott, Holyoke, and Hampden Basalts) within the Hartford basin. In the Deerfield basin, a single 

basalt Formation is present: the Deerfield Basalt, which is chemically equivalent to the Holyoke Basalt 

[60,94]. 

5. Fields Observations  

5.1. The Talcott Basalt Formation 

The Talcott Basalt Formation is the oldest of the three flood basalts in the Hartford basin and can 

be traced over 50 kilometers (Figure 2a, b). This flow is locally composed of pillow lavas, indicating 

a subaqueous deposition. One of the best and most accessible outcrops of this formation is the 

extended cut behind the Target store in Meriden, Connecticut (coordinates N 41°33’9.34”, W 
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72°49'0.40", WGS 84). The 50 m-thick volcanic sequence comprises five basaltic lava flow units (Figure 

4): unit 1 is composed of ~15 m of closely packed large pillow lavas passing upwards to smaller 

pillows within a hyaloclastite matrix (Figures S1, S2, S3 in supplementary material). The H and V 

axes of the pillows [86] range from 12 x 12 cm in diameter up to 510 x 90 cm, respectively, with flat to 

circular shapes in cross section (Figure 5; Table S1 and Figure S3 in supplementary material). The 

internal structure of the pillows is characterized by a 0.2 to 15 cm-thick outer glassy cortex 

surrounding the core. Moreover, the duplication forms with digitation are formed on the pillows 

(Figure S4). Generally, the pillows present radial pipe vesicles (Figure S5), i) The lowermost pillows 

are intruded into the black mudstones of the underlying New Haven Formation, locally displaying 

rare, isolated pillow and load cast structures. Thus, they indicate that the sediment was still soft and 

saturated in water when the first pillowed flow (unit 1) was placed. (ii) unit 1 is overlain by a 22 m-

thick subaerial sheet lobe displaying the typical three-tiered structure of inflated pahoehoe: a thin 

basal crust (0.20-0.30 m) with pipe vesicles, a massive lava core (13-14 m), and a vesiculated upper 

lava crust (8 m) (Figures S6, S7, S8). (iii) unit 3 is composed of 2 m of pillow breccias of overlain by a 

1 m thick horizon of well-preserved isolated pillow or fragmented pillows in an abundant 

hyaloclastite matrix passing into a thin (< 1 m) vesicular flow (Figure S9); iv) unit flow four is 

composed of a 4 to 5 m thick sequence of densely packed pillows emplaced in paleochannel (Figure 

S10); v) the uppermost unit 5 is a 7-8 m-thick subaerial vesicular lava flow with pipe vesicles at the 

bottom.  

Vesicularity is always higher in the upper crust than in the lava core. Mega vesicles and 

horizontal vesicular sheets are present at the top of the lava core. Vesicle cylinders (vertical pipes 

filled with bubbles and residual melt that differentiate from diktytaxitic basalt flows during 

crystallization) are absent at Behind the Target outcrop, but occur at Hubbard Park outcrop (also at 

Meriden: N 41°33'12.42"; W 72°49'41.34") were they reach 40 cm in length (Figure S11), and also at 

Tariffville (N 41°54'28.73"; W 72°45'40.18"). Pipe vesicles are usually observed at the sole of sheet 

lobes. Structures such as tumuli, toes, squeeze-ups, and horizontal squeezes were not observed. The 

paleo-flow direction of the subaquatic lava flows can be deduced from the main direction of the axes 

of the pillow lava axis; also, the pipe vesicles are tilted towards the dip direction of the pillows [95]. 

In the first pillowed flow (unit 1) of Behind the Target store in the Meriden section the mean direction 

of the axes of the pillows is N10°E-Sl0°W after removing the tectonic tilt.  

On the road 80 from New Haven to the Tilcon quarry near North Branford Town (3 km before 

the Tilcon quarry: N 41°19'28.48"; W 72°49'33.50"), there is a 0.6 m-thick neptunian dyke (attitude 

N10-20, 75-80 E) with chilled margin, with a peperitic fill of arkosic sediment and lava (Figure S12). 

The peperitic lava particles are both fluidal and blocky (Figure S13, S14) in the Neptunian dyke; that 

is to say, fluidal and blocky juvenile clasts mingling and superpose in the same area.  

 

Figure 4. Studied sections of the Talcott Basalt Formation from the Hartford Basin, Connecticut 

(modified from [32,96]). 1., Section Behind the Target store in Meriden section (N 41°33’9.34”; W 
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72°49'0.40"); 2. Tariffville section (N 41°54'28.73"; W 72°45'40.18"); 3. King Philip’s Cave section, Talcott 

Mountain State Park (N 41°50'1.99"; W 72°47'54.08"). BC: Basal Crust; LC: Lava Core; ULC: Upper 

Lava Crust. 

 

(a) 

 

(b) 

Figure 5. Plot of pillows' horizontal (H) vs. vertical (V) dimensions from. (a) unit 1 of Talcott Basalt 

from (Behind the Target outcrop (Hartford Basin); (b) unit 1 of the Deerfield basalt from the 

Springfield outcrop (Deerfield Basin). 

5.2. The Holyoke Basalt Formation  

The flow is from 50 to 200 m thick, and there is a second, thinner flow in the vicinity of Hartford. 

Although the Holyoke basalt can be traced almost continuously in a north-south direction for 160 

km, its east-west extent is uncertain but must have been at least 50 km. In the Tilcon quarry near 

0

20

40

60

80

100

120

140

160

180

200

0 100 200 300 400 500 600

V
e

rt
ic

al
 A

xi
s 

V
 (

cm
)

Horizontal Axis H (cm)

0

20

40

60

80

100

120

140

160

180

200

0 100 200 300 400 500 600

V
e

rt
ic

al
 A

xi
s 

V
  (

cm
)

Horizontal Axis H (cm)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 June 2024                   doi:10.20944/preprints202406.0422.v1

https://doi.org/10.20944/preprints202406.0422.v1


 9 

 

North Branford Town (N 41°20'31.81"; W 72°47'39.28"), the Holyoke basalt is very thick, around 200 

m, and the unit tends to be thicker towards the north (Figure 6 and Figures S17, S18, S19 in 

supplementary material). Except for its vesicular upper surface, the Holyoke flow is essentially 

massive. In contrast to the Talcott Basalt, its lower contact with the Shuttle Meadow Formation is 

sharp and relatively featureless. The basal crust is 20 to 40 cm thick and fine-grained in texture. It 

does not show any pipe vesicles. Vesicle cylinders develop here as segregation structures like those 

frequently observed in the core of pahoehoe flows. These forms are located at the base of the first 

flow, occurring around 40 to 45cm above the base of the flow (Figures S20, S21).  

The section of Holyoke Basalt exposed in the Tariffville Gorge is 174 m thick. The flow is 

underlain and overlain by lacustrine sediments, many of which contain salt casts, indicative of a playa 

lake environment. The flow can be divided into upper and lower parts based on jointing style. The 

upper part is characterized by irregularly oriented joints, which give the outcrop a blocky 

appearance, whereas the lower part is characterized by vertical slender prismatic jointing. In places, 

colonnade-type joints with horizontal striations are present in the lower part of the flow, but most of 

these columns appear to have broken into vertical splinter-like joints. 

The boundary between the upper and lower parts of the flow in the Tariffville section (not shown 

in Figure 6) occurs 97 m above the base, which is 55% of the way up through the flow. In contrast, 

the boundary between colonnade and entablature style jointing in most thick flows is ~ 20-40% of the 

height of the flow [97,98]. The surface of the flow was weathered before being buried beneath 

sediments. No erosion occurred, however, as indicated by the preservation of flow-top features, such 

as scoria, rafted crustal slabs, and even ropy structures. Layering with liquid segregating to form 

sheets of coarse-grained ferro diorite occurs from about 70 to 85 m above the base of the flow. Most 

segregation sheets are a few decimeters thick, but the lowermost at this locality is 2 m thick. In 

contrast, segregation sheets are absent where the flow is thinner and homogeneous throughout 

[99,100]. The Holyoke basalt formation is interpreted as a huge lava lake extending from North of 

Brantford in the Hartford basin (Connecticut) to the north in the Deerfield basin (Massachusetts) and 

to the west in the Pomperaug basin (Connecticut). In the Tom Holyoke Mountains, Massachusetts, 

the Holyoke basalt is composed of at least two flows (Figure S23). Here, lava flows are dense and 

without vesicles. No pillow lavas are present, indicating that Holyoke lavas were placed in a subaerial 

environment. The thickness of the first lobe is about 60-80 m, and the second lobe is 15-20 m. The first 

flow is affected by two faults: trending N30-40, 75-85SW, and N10, 85W. The faults are filled with 

fine grained homogeneous basalt and are sealed by the second thin flow (Figures S24, S25). These are 

interpreted as squeeze-ups (extrusions of viscous lava through a crack in the solid crust of a lava 

flow) that are characteristics of inflated pahoehoe lava flows. A complete Lower Holyoke flow is 

exposed in abandoned quarries on the north side of Cooks Gap (Plainville: N 41°40'28.72"; W 

72°49'44.95"). The contact with underlying Shuttle Meadow sediments crops out in the small quarry 

600 meters to the west of the main one. Contact metamorphism includes the bleaching of the 

ordinarily red sediments and the development of steam vesicles in the shales as much as 2 meters 

below the flow. Although both flows can be traced to Farmington, only the upper flow is present 

further north. In Cooks Gap, both flows are about 50 meters thick, have a zone of half-moon vesicles 

near their tops, and have a vesicular upper surface. The nature and intensity of jointing in the two 

flows is one of the few ways of distinguishing them in the field. The younger flow characteristically 

breaks along slightly curved near vertical joints into decimeter-sized splinter-like columns. The lower 

flow is much less fractured and generally presents a meter-thick slab jointing parallel to its base. The 

character of the jointing is not completely uniform through either flow. The horizontal discontinuity 

in the fracture pattern 10 meters below the top of the lower flow at Cooks Gap is particularly 

noteworthy as it may record the thickness of the upper crust when the second flow erupted. The 

vesicular upper surface of the first flow is irregular with local relief on the order of a meter or more. 

Although reddened, the surface suffered little erosion before the eruption of the second flow. 

Depressions and fissures, which one might have expected weathered detritus to accumulate, are filled 

by younger basalt. The base of the upper flow is extremely fine-grained and massive. Vesicles are 

rare, but xenoliths of the vesicular crust of the underlying flow are not uncommon. South of 
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Farmington, the Holyoke Basalt Formation consists of two massive 50m-thick flows. Only the top few 

meters of each are vesicular. The lower flow thins out just north of Farmington, and only the upper 

flow is present in northern Connecticut.  

 

Figure 6. Lithostratigraphic columns across the Holyoke basalts in the Hartford and Deerfield basins 

(modified from [32,96]). 1., Section of the Tilcon quarry near North Branford Town, Connecticut (N 

41°20'31.81"; W 72°47'39.28"); 2. Section of Cooks Gap, Plainville, Hartford County, Connecticut (N 

41°40'28.72"; W 72°49'44.95"), 3. and 4., sections of Deerfield basalt sequence at French King Highway, 

Gill (3) (N 41°40'28.72"; W 72°49'44.95") and Turner Falls (4) (N 41°40'28.72"; W 72°49'44.95"), 

Massachusetts. Note that each lithostratigraphic column has its scale. BC: basal crust. LCR: lava core. 

ULC: upper lava crust. 

5.3. The Hampden Basalt Formation 

The Hampden Basalt is the thinnest extrusive unit in the Hartford basin. It is typically massive 

and ranges in thickness from about 20 to 30 m (Figure S26). It occurs between the East Berlin and 

Portland formations. At Berlin, the contact between Hampden basalt and the East Berlin sediments 

is well exposed along the route RT-9 South (Figure 7). Tilted pipe vesicles are present in almost every 

exposure of its lower contact and generally indicate a northeasterly flow advance (Figure S27). The 

contact basalt–sediment is marked by “injections” of basalt into the underlying sediment, creating a 

peperite facies (Figures S28, S29). Two eruptions formed the Hampden basalt. The lower flow is 15 

m thick in the Berlin section, and the upper flow is 5m thick. Segregation structures characteristic of 

pahoehoe flows, such as pipe vesicles, are present, while cylinder vesicles and vesicular sheets are 

absent. In Rock Ridge Park, Hartford, the Hampden basalt consists of two flows (about 21 m thick) 

and presents a flow top breccia and a thin scoriaceous base. The presence of a base and top breccias 

indicate that it is an a’a flow (Figures S30, S31, S32). Within a meter below the contact, the sediments 

have lost their fissility and red color. Calcite-filled steam vesicles are locally abundant in the baked 

sediments. Abundant elongated and tilted pipe vesicles occur at the flow base. Near vertical vesicle 

cylinders, 3-4 cm in diameter and 1-2 meters in length are standard 2 meters above the base. 

Horizontal vesicular sheets are common in the upper part of the lava core (Figure S34). A 2-m-thick 

sequence of 10-30 cm-thick sheets of both vesicular and massive basalt interbedded with a breccia 

containing angular basalt fragments set in a fine-grained basalt matrix overlies the vesicular top of 

the second flow (Figures S30, S31, S32). An outcrop of this peculiar breccia is located on the east side 

of Summit Street just north of Vernon Street. The origin of this facies is problematic. Is it a local feature 

produced by lava squeezed out of the underlying sheet when parts collapsed, or is it a separate 

younger flow? 
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Figure 7. Lithostratigraphic columns across the Hampden basalts in the Hartford basin (modified 

from Gray [32]). 1., Section along the RT-9 South, Berlin, Connecticut (N 41°37'19.05"; W 72°44'11.07"); 

2. Section of the Rock Ridge Park, Hartford, Connecticut (N 41°45'3.08"; W 72°41'36.67"). 

5.4. The Deerfield Basalt Formation 

The Deerfield basin (Massachusetts) is the northernmost exposure of the Newark Supergroup 

(Figure 2). The Deerfield basalts are the only basalt unit in this basin (Figure S37) and are intercalated 

between the Triassic Sugarloaf Arkose and the Jurassic Turners Falls Sandstone [33]. The 75-m-thick 

Deerfield Basalt Formation comprises two flows (Figure 6). The lower unit 1 is a pillow lava sequence 

overlying arkose sediment from the Fall River beds of the Sugarloaf Arkose. Pillows injected into and 

folding the sediment and the development of peperites (Figures S35, S36, S37) indicate that the 

sediment was unconsolidated, and the pillows flowed eastward. Unit 1 is superposed by a subaerial 

sheet lobe presenting pipe vesicles at its base (Figure S37). Horizontal vesicular sheets are common 

in the upper part of the sheet lobe, and the top of the lobe is vesicular (Figures S38, S39). However, 

cylinder vesicles, mega vesicles, and amygdales were not observed. In Gill, the Deerfield basalt is 

also composed of a subaquatic lava flow covered by one or two subaerial sheet lobes. Unit 1 is 30 m 

thick, and the pillows present pipe vesicles, although less abundant than in the Talcott basalts (Figure 

5). Unit 2 is composed of two dense lava lobes 15 m and 20 m, respectively. Unfortunately, the 

accessibility of the vertical road cut does not allow direct observations of sheet lobes. At another 

outcrop (near the Greenfield bridge), the Deerfield basalt starts with 15 m of pillow lavas overlain by 

a 30 m-thick sheet lobe. The upper part of the sheet lobe core presents five horizontal vesicle sheets 

alternating with dense basalt and is followed by a six m-thick vesicular lava crust. The contact 

between the pillow lava and the sheet lobe is undulated.  

6. Discussion 

6.1. Emplacement Conditions and Vent Locations of the Lava Flows from the Hartford and Deerfield Basins  

The observed field characteristics suggest a volcanic sequence being emplaced in a tectonic basin 

occupied by temporary lakes where sandy sediment was deposited. The initial flows of the Talcott 

and Deerfield basalts correspond to pillow lavas, indicating a subaquatic and locally intra-

sedimentary lava deposition. The following eruption of the Talcott formation formed a subaerial 

sheet lobe, indicating that the lake was no longer present. However, the pillow breccias and pillow 

lavas of units 3 and 4 indicate that the basin was again inundated.  
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The Holyoke basalt, the second volcanic formation, corresponds to one thick sheet lobe of a 

simple inflated pahoehoe flow. The Holyoke basalt has erupted under subaerial conditions after the 

deposition of the underlying 100-250 m thick sediments (of the Shuttle Meadow Formation [36]).  

During the youngest extrusive sequence, the Hampden basalt, the first flow is a sheet lobe 

deposited onto the soft sediments of East Berlin formation, indicating that the basin mainly was under 

subaerial conditions at that location. Based on different geochemistry, the three principal basaltic 

formations Talcott, Holyoke, and Hampden basalts correspond to 3 lava flow fields (Figure 8) 

[17,18,100–105]. According to [57], the chemistry and mineralogy of the three northeasterly trending 

diabase dykes that cross Southern New England correlate with the three basaltic episodes of the 

Hartford basin. The three successive basaltic events were fed by the Higganum (eastern dyke), 

Butress-Ware (central dyke), and Bridgeport-Pelham (western dyke) dykes, respectively. The 

magmatic activity progressed, thus, westward with time. The Deerfield basalt is chemically 

correlative with the Holyoke Basalt. Still, the subaquatic nature of its unit 1 indicates that at the 

Deerfield basin, there was a lake at least 20 m deep, while the Hartford basin was dry at the time.  

Neptunian or clastic dikes are locally quite common in CAMP flows. The possible reason is that 

peperitic processes undergo different mingling periods from plasticity to brittleness. Magma starts 

to quench after the steam episode, while a viscosity increment of fluidal magma happens during the 

cooling process. It results in magma behavior turning into brittleness. The peperite (blocky/fluidal 

peperites and mixed blocky) are located stratigraphically above the main feeder and appear to be 

confined to a horizon immediately below an amygdaloidal basalt flow of probable lower Talcott age 

[106]. They were formed where rising melt interacted explosively with groundwater and with coarse, 

water-saturated sediments of the New Haven Formation and underwent brittle quench 

fragmentation. The peperite occurrences are spatially and genetically related, recording subsurface 

and surface fuel-coolant interactions that preceded and accompanied the beginning of the effusion of 

flood basalts in the basin. Neptunian dikes were described in most detail by Schlische and Ackerman 

[107] from the North Mountain Basalt of the Fundy Basin in Nova Scotia, a correlative of the Talcott. 

They can be beneficial for determining the local syn-depositional state of stress and occasionally have 

fossils within them [108].  

6.2. Volcanological Characteristics and Facies Model of CAMP Basalt of Hartford and Deerfield Basins  

The CAMP volcanic pile of Hartford basin was formed during three pulses of volcanic activity, 

represented by three basalt units: Talcott, Holyoke, and Hampden. In the adjacent Deerfield basin, 

just one pulse unit, which is Deerfield basalt (chemically correlative of the Holyoke), is recorded. The 

CAMP-related volcanism of the Hartford and Deerfield basin shows the following volcanological 

characteristics: (i) absence of gradual vertical and lateral facies variations; (ii) the Talcott and 

Deerfield eruptions occurred in both subaquatic and subaerial environments, while the Holyoke and 

Hampden eruptions were subaerial. The absence of baking at the top of flow unit 1 by flow 2 suggests 

that this contact was made underwater, which is supported by the undulated morphology and 

jointing structure of this unit's base. The occurrence of the pillow breccias of unit 3 indicates the 

deposition of the lava in a steep subaquatic environment. Unit 3 is an uncharacteristic vesiculated 

lava flow, overlain by densely packed pillows that are covered with vesicular lava. The absence of 

red-baked contacts or sediments between units 2 and 3 and between units 3, 4, and 5 indicates 

deposition in a subaquatic environment. The pillows of the Deerfield Basalt and the folds in the still 

plastic sediment indicate that the flow traveled downslope eastward into a shallow lake at the top of 

the Fall River beds. The eruptions occurred in the subaerial continental environment for Holyoke and 

Hampden as inferred from the absence of pillow lavas in these basalts; (iii) The contact of the first 

basalt lava flow and the underlying sediment is marked usually by peperites indicating soft and 

unconsolidated sediments at the time of basalt flow emplacement; (iv) the volcanism is characterized 

by dominantly basaltic magmas. Intermediate and acid lavas are absent in Talcott and Hampden 

basalts. The middle levels of Holyoke basalt, however, contain coarse-grained ferrodiorite and fine-

grained granophyre interpreted as compositional segregation [38,113]; (v) eruptions produced both 

compound pahoehoe flows and simple flows, the latter of which is dominant. Thick sedimentary 
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strata (fluviatile/lacustrine environments) and paleosoils lay between the flow units. Typical Aa flows 

are absent. Some flows of the Hampden basalt have a flow top breccia. P-type pahoehoe toes are 

absent. Tumuli, squeeze-ups, and horizontal squeezes were not observed in the Deerfield and 

Hartford basins. In the Newark basin, however, tumuli are described in the Preakness basalt [34]; (vi) 

The lava fields were produced by fissure eruptions fed by the Higganum, Butress-Ware and 

Bridgeport-Pelham dykes, not by central vents; the surface morphology of the eruptive fissures is no 

longer preserved due to erosion; (vii) the CAMP-related volcanism occurred in an extensional 

continental context. All these volcanological characteristics indicate that the most adequate facies 

model for the studied CAMP volcanic succession is that of continental basaltic successions [110]. 

6.3. Cooling Duration of the Subaerial Lava Flows of the Hartford and Deerfield Basins 

Subaerial basalt lava flows in the Hartford and Deerfield basins present the three-tiered structure 

characteristics of inflated pahoehoe flows cf., [63,69,110–112]. The characteristics of endogenous 

growth are the simple nature of the flows with sheet lobes presenting a structural division into a 

vesicular basal crust, a massive lava core, and a vesicular upper crust, and the vertical distribution of 

vesicles and segregation structures (spherical vesicles, pipe, and mega-vesicles, amygdale, horizontal 

vesicle cylinders). In the Talcott sequence, the lava flow interlayered between the two pillow lava 

sections (flow 2 in Figure 4) is a thick, simple pahoehoe [69–71,113] sheet lobe presenting 

characteristics of inflation cf., [69–71,113]: a basal crust with pipe vesicles or vesicle cylinders and 

mega-vesicles and amygdales at the boundary between lava core and lava crust, as observed in the 

Meriden and Tariffville outcrops. Furthermore, in Deerfield, the passage from the lava core to the 

lava crust is marked by horizontal sheet vesicles. In the Holyoke basalt, the boundary between the 

lava core and lava crust is marked by the coarse-grained sheets of ferrodiorite [114,115]. The absence 

of pipe vesicles in Tilcon quarry may be due to the low slope at the time of emplacement cf., [117]. 

The upper part, made up of scoriaceous basalts, has characteristics of a lava crust. The vesicles are 

abundant in the top of Holyoke basalts of Tilcon quarry), and become less abundant downward as 

they increase in size, finally disappearing at a depth of 25 m. Diktytaxitic cavities are dominant across 

the entire flow unit [35]. The Holyoke basalt corresponds to one thick sheet lobe of a simple inflated 

pahoehoe flow. In Summit Street, Hartford, the Hampden basalt also contains horizontal sills of 

vesicular basalts [32], which are rather horizontal sheet vesicles [71], that occur on the top of dense 

basalts. These sills develop as 15 cm-horizontal sheet vesicles, laying between the lava crust and the 

lava core. They represent a diagnostic feature within the sheet lobe of pahoehoe simple lava flow 

over different basalt units of the Hartford and Deerfield basins. 

The Holyoke basalt displays an internal morphology similar to many thick flood-basalt flows 

that are divided into an upper and lower part by a prominent cuspate boundary separating regular 

columnar joints below - the colonnade- from more irregular or splaying joints above the entablature. 

The internal structure of the flow indicates that it solidified as a single ponded body of magma, with 

vesicles rising and collecting in the upper 10–20 m and crystal mush compacting in the lower third 

of the flow, with the expelled residual liquid segregating to form sheets of coarse-grained ferrodiorite 

(Figure S22) near the center of the flow [99,118]. A prominent cuspate boundary separates the 

entablature from the colonnade. Where the flow is thick (>100 m), this boundary occurs above the 

center of the flow, which indicates that crystal mush must have sunk to the floor of the magma sheet 

during solidification [114,115]. The last flow of each unit in the Hartford basin is generally vesicular. 

These flows with vesicular tops could be considered as S-type pahoehoe lobes [119]. Because 

vesicular basalts are simple and thick flows (more than 5 m), it is hard to define the inward movement 

of bubbles through the flow. Yet these vesicular flows present pipe vesicles at the base, a structure 

that is characteristic of P-type lobes.  

Based on the Hon et al. [85] equation (t = 164.8 H2) the 85 m lava crust of the Holyoke basalt from 

the Tilcon quarry outcrop required a cooling duration of ca. 136 years. This is a very long time when 

compared to the 3.18 years duration of the OMB1 flow [40] and to 2, 4.7, 18.5, and 51.5-months 

duration for the upper crust development of the Hampden, Deerfield, Tariffville, and Meriden flows, 

respectively (Table 1). In most cases, shorter durations have been estimated: Karoo flow: 11 to 27 days 
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[120], North Mountain basalt flow: 7 days to 5 months [25], OMB1: 3.18 years (Table 1, [40]). The long 

duration (136 years) estimated for the cooling of the Holyoke lava crust in the north Brantford quarry 

is in accordance with the thickness of this basalt unit, which is the thickest basalt of the three units 

(200 m, [35,38]. In fact, it was estimated that the vast lava flow, exceeding a volume of 1000 km3, 

required over 100 years to cool down [38]. As might have been expected, our findings somewhat 

match the Milankovitch climate cycle proposed by [7]. In the Newark supergroup, [7] interpreted 580 

± 10 Ky at -201 Ma as the estimated period of the extrusive and associated intrusive that interbedded 

with lake-level sedimentary cycles.  

As a result, the horizon of vesicle sheets is thicker in the Holyoke basalt than those of Deerfield 

basalts. In the Holyoke basalt, there is a 10 m thick coarse-grained ferrodiorite horizon, numerous 

decimeter-thick sheets of ferrodiorite, and centimeter-thick sheets of granophyre. The latter occurred 

at about 75 m above the base of the flow [38]. In the Deerfield basalt, the horizon of vesicular sheets 

is 5 to 15 cm thick. Indeed, incompatible elements, including volatiles, concentrate in the residuum, 

coevally with the crystallization of the dense core [69]. These authors added that the residuum is 

more coarsely crystalline than the surrounding lava and frequently becomes silicic enough to attain 

a rhyolitic composition [121,122]. The ascending residuum takes a diapiric form that hits the base of 

the upper crust and can spread to form sub-horizontal vesicle sheets [69]. Other authors [123] 

suggested that the coalescence of bubbles could aid gas accumulation in magma. The flow thickness 

and atmospheric pressure can also control the percentage of vesicularity in both the upper and the 

lower part of a flow [123]. The rising gas bubble coincides with the flow of lavas until the solidification 

process traps the bubbles within either the flow's upper or lower cooling surfaces [65]. The source of 

pegmatitic segregation veins is interpreted as originating from residual melt brought in the state of 

vapor bubbles after being sourced from the lower crystallization stage [122]. Vesicle cylinders are 

considered segregation structures involving residual liquids, forming in situ during lava flow 

solidification [124]. It is also suggested that the late persistence of water oversaturation after eruption 

causes, in fact, olivine oxidation and vapor differentiation [124]. It was also stated that all primary 

minerals may have been totally altered in the Holyoke basalts (north Brantford quarry) [125]. It is 

worth noting that the segregation structures, such as vesicle cylinders, occur at the base of sheet lobes, 

which signifies that the underlying magma still bubbles during the downward solidification. 

According to [126], the presence of vesicle cylinders in the basalts indicates a positive correlation 

between an abundance of cylinders, porosity of lava, and size of groundmass crystals. These 

characteristics indicate that magma has an unusually high water content before the eruption. 

However, other authors [127] proposed that segregation processes of interstitial melt require the 

development of gas filter-pressing in cooling lava with high permeability, low melt viscosity, and 

thick lava. All these characteristics existed in the basalt units in Hartford and Deerfield basins. Most 

parts of the subaerial lava flow exhibit vesicular structures that expand toward the top (Talcott, 

Hampden, and Deerfield basalts) and diktytaxitic cavities (Holyoke basalt). The Holyoke basalt, the 

thickest lava flow (up to 200 m), also has the thickest pegmatoid horizontal vesicle sheets. 

Table 1. Calculated cooling time for sheet lobes from different large igneous provinces using the 

empirical cooling model of Hon et al. (1994) [85]. Abbreviations: KB, Karroo Basalt; CRBG, Colombia 

River Basalt Group; CAMP, Central Atlantic Magmatic Province. 

Large Igneous 

Province Flow field or Basalt Unit / Basin Duration Reference  

CAMP Talcott Basalt /Hartford  18 to 51 months This work  

CAMP Holyoke Basalt/Hartford  136 years This work  

CAMP Hampden Basalt/Hartford  2 months This work  

CAMP Deerfield basalt/Deerfield 5 months This work  
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CAMP Orange Mountain Basalt /Newark  3-year 

Puffer et al., (2018) 

[40] 

CAMP North Mountain Basalt/Fundy 

7 days to 5 

months  Kontak, (2008) [25] 

CAMP  Ait Ourir/Central High Atlas 22 to 121 months 

El Hachimi (2012) 

[41] 

CAMP Argana (Alemzi South)/Argana 0.3 to 23 months 

El Hachimi (2012) 

[41] 

CAMP  Tiourjdal/Central High Atlas 

0.11 to 22 

months 

El Hachimi (2012) 

[41] 

CRBG 

Palouse Falls, Ginkgo, and Sand 

Hollow/ Pasco 

19.3, 8.3, and 

16.9 years 

Vye-Brown et al., 

(2013) [128] 

KB Naude’s Nek Pass/ Karoo 11 to 27 days  Jay et al., (2018) [120] 

6.4. Comparison with Other Basins in the USA, Canada, Portugal, and Morocco  

The studied CAMP basalts of the eastern United States can be correlated with other well-exposed 

and known examples on both sides of the Atlantic Ocean (Table S2). 

6.4.1. Newark Basin (USA) 

Overall, the CAMP in the Newark basin is similar to that in the Hartford basin (Table S2). Yet, 

the basalt diapirs and microvesicular layers in the Orange Mountain basalt have not been observed 

in any of the basalt units of the Hartford and Deerfield basins. Pipe vesicles, amygdales, and half-

moon vesicles are observed in Newark as in the case of the Hartford basin (Table S2). The significant 

horizontal layers of mafic pegmatite and rhyolitic horizons occur in the Holyoke are present in the 

Preakness basalts [122]. Pillow lavas are prominently distributed within the Orange Mountain 

Basalt's middle flow unit and the Preakness Basalt's lower flow unit, as documented in various 

studies [34,39,40]. However, it's noteworthy that pillow lavas are exclusively found within the oldest 

geological unit of the Hartford basin.  

6.4.2. Fundy Basin (CANADA) 

In the Fundy basin, Both the East Ferry member (EFM < 180 m) and Brier Island member 

(BIM>150 m) are dense and characterized by columnar jointing, while the Margaretsville member 

(MM = 170 m) presents a vesicle zonation into the upper crust (vesicle sheets and vesicle cylinders) 

and lower crust (pipe vesicles). The three members have many inflated pahoehoe sheet flow lobes 

[25]. However, in Hartford and Deerfield basins, the segregation structures are present in all basalt 

units, and flows are simple pahoehoe (Table S2). This author added that in the EFM there are 

significant horizontal layers of mafic pegmatite (≤ 2-3 m) with or without thin granophyric (≤ 1-2 cm) 

and rhyolitic horizons. Similar pegmatites occur in the Holyoke and Preakness basalts [122]. 

Environmentally, as in Deerfield and Hartford, the Fundy Basin was filled by fluvial, alluvial, 

lacustrine, and aeolian sediments under arid to semi-arid conditions. 

6.4.3. Portugal: Algarve Basin (Portugal) 

In the Algarve (South Portugal) CAMP, the total thickness of the preserved volcano-sedimentary 

pile is much thinner (30 and 50 m thick) than the Hartford basin (>5000 m [36]). According to [26], 

lava flows resulted in simple tabular pahoehoe flows. These authors added that the lava flows are 

either massive, prismatically jointed, or have platy jointed bases, with their upper crust being 

vesicular (Table S2). The lava flows in Hartford and Deerfield basins are simple pahoehoe similar to 
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those described in Algarve. As in Hartford, pipe vesicles are at the base of lava flows in the Algarve 

basin. Pegmatite, horizontal, and cylinder vesicles have not been described. The sheet lobe, with its 

three parts, upper crust, lava core, and lava crust, has not been observed in the Algarve basin. 

6.4.4. Moroccan Basins  

In the central High Atlas and Argana basin, lava flows are mostly of the pahoehoe type [129]. 

According to [42], the CAMP lava flows of the Central High Atlas and Argana basin can be 

categorized into two main groups: subaerial compound pahoehoe flows and simple flows. The lava 

flows are subaerial simple pahoehoe flows in the Hartford and Deerfield basins. Pillow lavas are 

present in the intermediate formation, while in the Hartford basin, pillowed flows occur only in the 

oldest Talcott basalts (Table S2); however, they are present in the Deerfield basalts, correlative of the 

Holyoke formation. Both the Morocco and Hartford basins lava flows exhibit the vertical distribution 

of vesicles with segregation structures such as spherical vesicles, pipe vesicles, vesicle cylinders, and 

vesicle sheets (Table S2). However, tumuli and squeeze-ups observed in Morocco were not reported 

in the Hartford and Deerfield basins. Mafic pegmatites are not mentioned in the Moroccan CAMP 

lavas, while in the Hartford, Newark, Fundy, and Deerfield basins, these coarse-grained sheets are 

largely developed (Table S2). 

7. Conclusion 

Little attention has been paid to the physical volcanology of the CAMP successions in Hartford 

and Deerfield basins, yet previous authors have made valuable observations [7,32,33,36,38,45,130 

among others]. In order to contribute to the knowledge of CAMP volcanology, our study presents 

new field data from the CAMP extrusive sequences of Hartford and Deerfield Basins (United States), 

focusing on the internal structures of successive lava flows, their vertical stacking pattern, and lateral 

lithological changes. Our descriptive approach indicates that the CAMP volcanic pile of Hartford and 

Deerfield basins formed mainly during subaerial conditions. Thick siliciclastic and carbonated 

sedimentary sequences lie in between these basaltic units, indicating that the CAMP volcanic activity 

occurred in successive pulses punctuated by long (580 ± 10 Ky; Olsen et al. [7]) quiescent time 

intervals. The great thickness of the basalt at Tariffville Gorge locality cannot, therefore, be attributed 

to the filling of an erosional channel. Instead, the locality may have been near the center of the 

Hartford basin, and thus, it experienced the deepest ponding of the basalt. 

Each flow field was the result of several sustained eruptions that produced both inflated 

pahoehoe flows and subaquatic extrusions: 1–5 eruptions in the Talcott formation and 1-2 in Holyoke 

and Hampden basalts, where simple flows are dominant. The volcanological characteristics of the 

Hartford and Deerfield volcanic piles are those of the continental-basaltic-succession facies model 

[111]). Due to their emplacement on lacustrine environments, lava flows are pillowed only at the base 

of Hartford and in the Deerfield succession. Each of the remaining basaltic units shows thick 

successions of individual flows. Overall, the studied flow fields are composed of dense and simple 

pahoehoe flows that display the entire range of pahoehoe morphology, including inflated lobes. The 

three-partite structure of sheet lobes, vertical distribution of vesicles, and segregation structures are 

common. The last flow of each unit consists of thick sheets capped by highly vesicular upper crusts. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Figure S1.  Contact between the New Haven Formation and the first pillowed 

flow of the Talcott Basalt Formation. Legend: 1, Blak mudstone, contorted with flame structure and isolated 

pillows; 2, Contact; 3, Closely (densely) packed pillow. Location: The large, long rock-cut behind the Target store 

in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and Longitude: W 

72°49'0.40", using the WGS 84 datum of Google Maps). Figure S2.  Closely (densely) packed pillow the first 

pillowed flow of the Talcott Basalt Formation (the bottom of the unit). Note that the large pillows dominate (the 

bottom of the unit) and the hyaloclastite matrix between pillows is almost absent. Location: The large, long rock-
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cut behind the Target store in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 

41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S3.  Closely 

(densely) packed pillow the first pillowed flow of the Talcott Basalt Formation (toward the top of the unit). Note 

that the hyaloclastite matrix between pillows become more abundant. Location: The large, long rock-cut behind 

the Target store in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and 

Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S4.  Large pillow lava with 

digitation form of the first pillowed flow of the Talcott Basalt Formation (toward the top of the unit). Location: 

The large, long rock-cut behind the Target store in Meriden, Connecticut (The Global Positioning System (GPS) 

is Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure 

S5.  Internal structure of pillow lava of the first pillowed flow of the Talcott Basalt Formation (toward the top of 

the unit). Location: The large, long rock-cut behind the Target store in Meriden, Connecticut (The Global 

Positioning System (GPS) is Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of 

Google Maps). Figure S6.  Contact between the first pillowed flow and the second sheet lobe flow of the Talcott 

Basalt Formation. Note the occurrence of pipe vesicles in the basal crust of the second sheet lobe and the 

preservation of the gallassy zone and radial and concentric craks. Location: The large, long rock-cut behind the 

Target store in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and 

Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S7.  Detail of the contact between 

the first pillowed flow and the second sheet lobe flow of the Talcott Basalt Formation. Note the occurrence of 

unfilled pipe vesicles in the basal crust of the second sheet lobe. Location: The large, long rock-cut behind the 

Target store in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and 

Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S8.  Mega vesicles include half-

moon vesicles and horizontal vesicle sheets of the second sheet lobe flow of the Talcott Basalt Formation. 

Segregation structures of pahoehoe flow types are located at the top of the lava core of the love. Location: The 

large, long rock-cut behind the Target store in Meriden, Connecticut (The Global Positioning System (GPS) is 

Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure 

S9.  View of the flow’s units 3, 4, and 5 of the Talcott Basalt Formation. The flow unit 3 comprises pillow breccias 

of 2 m gradually overcome by a horizon of 1 m with well-preserved isolated pillow and fragment pillow 

dispersed in an abundant hyaloclastite matrix, which is covered by less than one meter of vesicular lava. Densely 

packed pillows constitute the flow unit 4. Note its compound nature. The last flow unit 5 is vesicular lava flow. 

Location: The large, long rock-cut behind the Target store in Meriden, Connecticut (The Global Positioning 

System (GPS) is Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). 

Figure S 10.  View of the flow’s units 3, 4, and 5 of the Talcott Basalt Formation. Note the compound nature of 

the flow units 3 and 4. The flow unit 4 with densely packed pillows is emplaced in paleochannel. Location: The 

large, long rock-cut behind the Target store in Meriden, Connecticut (The Global Positioning System (GPS) is 

Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S11. 

Vesicle cylinder located at the lava core of the second sheet lobe of the Talcott Basalt Formation at Hubbard Park 

in Meridien. Location: (The Global Positioning System (GPS) is Latitude: N 41°33'12.42" and Longitude: W 

72°49'41.34", using the WGS 84 datum of Google Maps). Figure S12. Neptunian dyke (clastic dyke) cross-cutting 

the Talcott Basalt Formation at about 3km ESE of the quarry of Tilcon Connecticut/North Branford on Fox Road. 

This basalt breccia-filled fissure with an arkosic matrix and peperites (both blockey and fluidal peperites are 

present) show a chilled margin and injected Arkose pocket with the Talcott Basalt. Blocky peperites and mixed 

blocky and fluidal peperites formed where rising melt interacted explosively with groundwater and with coarse, 

water-saturated sediments of the New Haven Formation, and underwent brittle quench fragmentation. See Figs 
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S13 and 14 for more details of peperites. Location: (The Global Positioning System (GPS) is Latitude: 

N41°19'28.48" and Longitude: W 72°49'33.50"O using the WGS 84 datum of Google Maps). Figure S13. Blockey 

peperite of the Neptunian dyke of Figure S12. Arkose host sediments inject fissures of blocky juvenile clast with 

typical jigsaw-fit texture, indicating that the peperite has typical features of blocky peperite. Blocky peperite is 

formed in the background of magma producing brittle crackings. When hot magma intrudes cold wet sediments, 

hot magma generates quenching distortion and forms juvenile clasts. Location: (The Global Positioning System 

(GPS) is Latitude: N41°19'28.48" and Longitude: W 72°49'33.50"O using the WGS 84 datum of Google Maps). 

Figure S14. Fluidal peperites of the Neptunian dyke of Figure S12. Photograph of jigsaw-fit clasts in basaltic 

breccia from the Neptunian dyke. This type of jigsaw-fit texture is a common feature of blocky and fluidal 

peperites and is thought to reflect in situ quench fragmentation. Location: (The Global Positioning System (GPS) 

is Latitude: N41°19'28.48" and Longitude: W 72°49'33.50"O using the WGS 84 datum of Google Maps). Figure 

S15. Well-developed blackish spherule layers (accretionary lapilli?) that might represent basaltic lapilli occur a 

few cm below the first pillowed flow of the Talcott Basalt Formation. Location: The large, long rock-cut behind 

the Target store in Meriden, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and 

Longitude: W 72°49'0.40", using the WGS 84 datum of Google Maps). Figure S16. Detail of the well-developed 

layers of blackish spherule layers (accretionary lapilli?) that might represent basaltic lapilli occur few cm bellow 

the first pillowed flow of the Talcott Basalt. Location: The large, long rock-cut behind the Target store in Meriden, 

Connecticut (The Global Positioning System (GPS) is Latitude: N 41°33’9.34” and Longitude: W 72°49'0.40", 

using the WGS 84 datum of Google Maps). Figure S17. Panoramic view of the Holyoke flood-basalt flow in the 

North Branford Quarry, Connecticut (The Global Positioning System (GPS) is Latitude: N 41°20'31.81"N and 

Longitude: W 72°47'39.28" using the WGS 84 datum of Google Maps). Note the cuspate boundary (dashed line) 

separating radiating joints in entablature from vertical columnar joints in colonnade. The boundary is 

approximately 120 m above the base of this 200-m-thick section through the flow. Centers of the two cusps are 

15 m apart. Figure S18. Detail of photo of Figure S17. Note the Cuspate boundary (dashed line) separating 

radiating joints in entablature from vertical columnar joints in colonnade of the Holyoke flood-basalt flow in the 

North Branford Quarry, Connecticut. The boundary is approximately 120 m above the base of this 200-m-thick 

section through the flow. The centers of the two cusps are 15 m apart. Figure S19. Detail of photo of Figure S18. 

Note the Cuspate boundary (dashed line) separating radiating joints in entablature from vertical columnar joints 

in colonnade of the Holyoke flood-basalt flow in the North Branford Quarry, Connecticut. The boundary is 

approximately 120 m above the base of this 200-m-thick section through the flow. Centers of the two cusps are 

15 m apart. Figure S20. Vesicule Cylinder of the lava core of the Holyoke flood-basalt flow in the North Branford 

Quarry, Connecticut. (GPS is Latitude: N 41°19'50.52" and Longitude: W 72°47'16.49"). Figure S21. Vesicule 

Cylinder of the lava core of the Holyoke flood-basalt flow in the North Branford Quarry, Connecticut (GPS is 

Latitude: N 41°19'50.52" and Longitude: W 72°47'16.49"). Figure S22. Segregation sheets of coarse-grained 

ferrodiorite of the Holyoke flood-basalt flow in the North Branford Quarry, Connecticut. (GPS is Latitude: N 

41°21'42.44" and Longitude: W   72°47'12.40"). Figure S23. The two flows of the Holyoke Basalt in the Tom 

Holyoke Mountains Quarry, Massachusetts (GPS is Latitude: N 42°15'10.87" and Longitude: W 72°37'55.47"). 

Figure S24. Fault/Squeez up N30-40, 75-85SW affecting the first flow of the Holyoke Basalt in the Tom Holyoke 

Mountains Quarry, Massachusetts (GPS is Latitude: N 42°15'10.87" and Longitude: W 72°37'55.47"). Figure S25. 

Fault/Squeez up N10, 85W affecting the first flow of the Holyoke Basalt in the Tom Holyoke Mountains Quarry, 

Massachusetts (GPS is Latitude: N 42°15'10.87" and Longitude: W 72°37'55.47"). Figure S26. Contact of the 

Hampden Basalt with the East Berlin Fm near Berlin along the RT-9 South (GPS is Latitude: N 41°37'19.05"and 

Longitude: W 72°44'11.07"). Figure S27. Pipe Vesicules of the first flow of Hampden Basalt near Berlin along the 
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RT-9 South. (GPS is Latitude: N 41°37'19.05"and Longitude: W 72°44'11.07"). Figure S28. Contact of the Hampden 

Basalt with the East Berlin Fm with peprites near Berlin along the RT-9 South. (GPS is Latitude: N 41°37'19.05"and 

Longitude: W 72°44'11.07"). Figure S29. Fluidal peperites in the Contact of the Hampden Basalt with the East 

Berlin Fm near Berlin along the RT-9 South. (GPS is Latitude: N 41°37'19.05"and Longitude: W 72°44'11.07"). 

Figure S30. Flow top breccia of Hampden Basalt at the Section of the Rock Ridge Park, Hartford, Connecticut 

(GPS = Latitude: N 41°45'3.08" and Longitude W 72°41'36.67"). Figure S31. Detail of Flow top breccia of Hampden 

Basalt at the Section of the Rock Ridge Park, Hartford, Connecticut (GPS = Latitude: N 41°45'3.08" and Longitude 

W 72°41'36.67"). Figure S32. Detail of Flow top breccia of Hampden Basalt at the Section of the Rock Ridge Park, 

Hartford, Connecticut (GPS = Latitude: N 41°45'3.08" and Longitude W 72°41'36.67"). Figure S33. Horizontal 

vesicular zone of Hampden Basalt at the Section of the Rock Ridge Park, Hartford, Connecticut (GPS = Latitude: 

N 41°45'3.08" and Longitude W 72°41'36.67"). Figure S34. Ash bed of the East Berlin Fm near Berlin along the 

RT-9 South. (GPS is Latitude: N 41°37'20.14" and Longitude: W 72°44'22.13"). Figure S35. Contact between the 

Deerfield Basalt and the Sugarloaf Arkose Formation near Greenfield along the Mohawk Trail (RT-2A). Left side 

before crossing the French King Bridge and the entering of Greenfield. (GPS is Latitude: N 42°36'58.54"N and 

Longitude: W 72°33'8.23"). The development of peperites underlines the contact. Figure S36. Contact between 

the Deerfield Basalt and the Sugarloaf Arkose Formation near Greenfield along the Mohawk Trail (RT-2A). Left 

side before crossing the French King Bridge and the entering of Greenfield. (GPS is Latitude: N 42°36'58.54"N 

and Longitude: W 72°33'8.23"). The development of peperites underlines the contact. Figure S37. Overview of 

the Deerfield Basalt Formation near Greenfield along the Mohawk Trail (RT-2A). The first pillowed flow of the 

Deerfield Basalt Formation near Greenfield along the Mohawk Trail (RT-2A). Left side before crossing the French 

King Bridge and the entering of Greenfield. (GPS is Latitude: N 42°36'58.54"N and Longitude: W 72°33'8.23"). 

Figure S38. The horizontal vesicular zone of the Upper Crust of the second sheet lobe of the Deerfield Basalt 

Formation is near Greenfield along the Mohawk Trail (RT-2A). Right side before reaching the French King Bridge 

and the entering of Greenfield. (GPS is Latitude: N 42°36'51.80"N and Longitude: W 72°33'4.49"). Figure S39. 

Vesicular Upper Crust of the second sheet lobe of the Deerfield Basalt and contact with the second formation 

near Greenfield along the Mohawk Trail (RT-2A). Right side before reaching the French King Bridge and the 

entering of Greenfield. (GPS is Latitude: 42°36'51.09" and Longitude: W 72°33'3.79"). Table S1: Table S1. 

Measurements of H and V (dimensions in the Horizontal and Vertical directions of pillows exposed in vertical 

cross-section) made on the two basal pillow lavas units from (a) the Talcott Basalt (Hartford basin) and (b) the 

Deerfield Basalt (Deerfield basin). Table S2. Comparison of the CAMP Basalts in different places around the 

Atlantic Ocean (USA, Canada, Iberia, and Morocco). 
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